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The  integration  of  different  energy  sources  to  cover  with  the  maximum  efficiency  the  building  energy 
demand  is  one  of  the  principles  for  achieving  the  target  of  the  nearly  net  Zero  Energy  Buildings  ( nNZEBs ), 
as  defined  by  the  EPBD  recast  (2010/31/EU).  Following  this  principle,  there  has  been  a  shift  from  a 
conventional  mono-carrier/mono-converter  based  logic  (one  energy  source  is  used  in  one  energy 
converter  to  meet  each  load)  to  a  multi-carrier/multi-converter  logic  (a  mix  of  energy  sources  feeds  two 
or  more  energy  converters  to  cover  the  energy  loads). 

This  paper  reviews  the  technology,  performance  and  the  parameters  of  the  latest  multi-energy 
systems  for  residential  ZEB  on  the  market.  The  scope  of  the  work  is  to  provide  the  necessary  information 
in  order  to  design  and  operate  integrated  HVAC  and  domestic  hot  water  (DHW)  production  systems. 
After  characterising  the  building  energy  demand  (forms  of  energy,  thermal  levels,  peak  loads  and  so  on), 
the  review  focuses  on  integrated  energy  systems  providing:  heating  energy  for  space  heating  and  DHW 
production;  heating  and  cooling  energy  for  air  conditioning  and  DHW  production;  heating  energy  for 
space  heating,  DHW  production  and  electricity;  heating  and  cooling  energy  for  air  conditioning,  DHW 
production  and  mechanical  ventilation.  A  schematic  of  each  technology  and  a  table  contrasting  the 
strengths,  advantages,  weaknesses  and  drawbacks  of  the  various  technologies  are  also  provided. 
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1.  Introduction 

Regulation  of  buildings  energy  consumption  is  strategic  for  the 
European  Union  (EU)  in  order  to  reduce  greenhouse  gas  emissions 
and  global  temperature  rise.  To  this  regard,  EU  launched  the  recast 
of  the  Energy  Performance  of  Buildings  Directive  (2010/31 /EU), 
requiring  Member  States  to  implement  in  the  near  future  nearly 
net  Zero  Energy  Buildings  (nNZEBs),  high  energy  performance 
buildings  with  a  limited  energy  demand  and  a  significant  coverage 
by  renewable  energy  sources  [1],  Basically,  the  nNZEB's  energy 
consumption  is  reduced  as  much  as  possible  in  order  to  be  covered 
by  energy  systems  fed  by  renewable  sources. 

The  focus  on  the  exploitation  of  renewable  sources  with  a  view 
to  match  the  building  energy  demand  with  a  local  energy  supply, 
is  leading  increasing  attention  towards  multi-energy  systems 
in  buildings,  also  known  as  “hybrid"  or  “integrated”  systems 
[2,3].  Instead  of  relying  on  one-source/one-product  systems  - 
one  energy  source  used  in  one  energy  conversion  system  to  meet 
each  load  -  multi-energy  systems  integrate  a  mix  of  different 
energy  sources  (at  least  one  of  which  renewable)  to  feed  two  or 
more  energy  converters. 

As  the  efficiency  of  specific  building  components  and  systems 
has  been  increasing  due  to  technological  innovation,  potential 
improvements  have  indeed  become  limited,  while  further  energy 
performance  upgrading  appear  rather  to  lie  in  the  integration  of 
different  technologies  (IEA-ECBCS  Annex  44,  2010).  Hybrid  solu¬ 
tions,  transcending  the  respective  limits  characteristics  of  stand¬ 
alone  energy  systems  [4]  allow  next  steps  in  energy  savings  to  be 
reached. 

This  integrated  perspective  can  be  implemented  in  different 
ways.  In  literature  multi-energy  systems  have  been  studied  in 
relation  to  the  exploitation  of  solar  energy  for  heating  and  cooling 
[5-7];  fuel  cell  stack  [8]  and  hydrogen  storages  [9-11]  fed  by  wind 
energy;  combined  heat  and  power  (CHP)  systems  integrated  with 
absorption  chillers  and  desiccant  cooling  [12];  geothermal  heat 
pumps  coupled  to  the  solar  thermal  system  [13];  photovoltaic, 
thermal  and  wind  energy  coupled  to  cogeneration  systems  [14], 
There  is  a  lack,  however,  on  the  design  and  operation  of  small 
multi-energy  systems  for  buildings. 

This  paper  presents  an  overview  of  the  latest  integrated 
systems  available  for  the  residential  market  -  discussing  the 
strengths,  peculiarities  and  possible  weaknesses  -  in  order  to 
orient  stakeholders  to  consciously  choose  the  best  alternative 
among  the  many  different  options  that  exist.  All  these  options 
are  characterized  by  the  fact  that  they  can  be  used  in  residential 
housing  units,  particularly  single-family  houses  (from  50  to 
200  m2  of  heated  surface  area).  Some  systems  may  be  suitable 
for  larger  residential  housing  types  (e.g.,  blocks  of  apartments)  and 
are  included  in  the  review  but  the  main  focus  is  the  single-family 
house  level.  This  is  also  the  reason  why  systems  of  interlinked 
buildings  (micro  grids  and  district  heating  solutions)  were  not 


taken  into  account.  The  scope  of  the  paper  is  to  provide  the 
information  on  what  types  of  integrated  systems  may  be  used, 
what  are  the  layouts  of  such  systems,  what  are  the  most  cutting- 
edge  and  promising  technologies  in  this  field.  Then,  for  each  case 
study  the  necessary  calculations  and  feasibility  study  in  order  to 
size  the  system  should  be  done.  This  article  may  provide,  at  least 
at  the  early  stages,  the  necessary  information  to  proceed  in  this 
direction. 

There  is  a  variety  of  energy  uses  in  a  residential  building. 
Integrated  energy  systems  reviewed  in  this  paper  consider  the 
following  energy  uses: 

-  space  heating; 

-  domestic  hot  water  (DHW)  production; 

-  space  cooling; 

-  mechanical  ventilation  and  air  handling  (heat  recovery,  heat¬ 
ing,  cooling  and  dehumidification); 

-  electric  lighting;  and 

-  plug  loads. 

The  various  building  energy  uses  are  basically  covered  by 
electricity,  heating  and  cooling  energy.  According  to  the  thermal 
level  required  at  the  user  side  or  at  the  production  side,  heating 
and  cooling  energy  can  be  further  split  up  into 

-  heating  energy  for  high-temperature  space  heating,  ranging 
from  55  °C  to  80  °C; 

-  heating  energy  for  low-temperature  space  heating,  from  35  °C 
to  50  DC  (radiant  heating); 

-  heating  energy  for  DHW,  from  40  °C  to  65  °C; 

-  cooling  energy  for  space  cooling,  from  7  °C  to  19  °C; 

-  cooling  energy  for  air  dehumidification,  below  12  °C. 

A  nNZEB  experiences  a  reduction  of  both  the  heating  design 
load  and  the  heating  energy  demand  for  space  heating,  while  the 
heating  design  load  for  DHW  production  is  higher  (up  to  more 
than  two  times)  than  the  heating  design  load  for  space  heating 
and  the  DHW  energy  demand  is  concentrated  in  time  and  constant 
throughout  the  year.  Still,  in  a  nNZEB  there  is  the  need  to  recover 
the  waste  heat  from  ventilation. 

Whereas  the  main  thermal,  cooling  and  electricity  loads  in 
commercial  buildings  such  as  offices,  are  usually  separately  met 
by  single  energy  converters,  a  growing  interest  is  currently  being 
addressed  to  integrated  energy  systems  in  the  residential  sector. 
In  fact,  the  limited  design  capacities,  the  need  to  minimise 
construction  costs  and  simplify  maintenance  and  operation, 
attract  producers  towards  integrated  solutions  for 
residential  NZEB. 

The  rationale  behind  the  classification  done  in  the  present 
review  is  not  based  on  the  energy  carriers  or  on  the  energy  system 
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adopted,  but  on  the  energy  use.  Integrated  systems  can  provide 
the  following  uses: 

a)  space  heating  and  DHW  production: 

b)  space  heating,  space  cooling  and  DHW  production; 

c)  space  heating,  DHW  production  and  electricity;  and 

d)  space  heating,  space  cooling,  DHW  production  and  mechanical 

ventilation. 

Integrated  systems  for  trigeneration  are  not  considered  in  this 
paper  since  less  common  in  the  residential  building  sector. 

Fig.  1  introduces  most  of  the  integrated  systems  under  review 
in  this  work  according  to  the  energy  sources  exploited  (electricity 
from  the  utility  grid,  renewable  energy,  gas)  and  the  energy  uses 
satisfied  (plug  loads/lighting,  space  heating  and  cooling,  DHW, 
mechanical  ventilation).  For  each  technology  described  below,  a 
colour  is  placed  in  correspondence  of  the  energy  use  covered  and 
the  energy  source  used;  a  light  colour  is  used  when  the  energy 
system  can  be  optionally  integrated  with  further  energy  sources 
(e.g.,  solar  energy)  or  for  further  energy  uses  (e.g.,  the  heat  pump, 
working  in  reverse  cycle  mode  to  meet  the  space  cooling  demand). 
For  example,  as  shown  in  Fig.  1,  gas  condensing  boilers  coupled 
with  electrical  heat  pumps  for  space  heating,  DHW  production 
and,  if  necessary,  space  cooling,  allow  to  run  the  heat  pump  when 
the  outside  air  temperatures  are  mild  whilst,  at  lower  tempera¬ 
tures  when  the  heat  pump  is  no  more  convenient  due  to  a  low 
coefficient  of  performance,  the  condensing  boiler  is  used  to  cover 
higher  heating  loads. 

2.  Integrated  systems  for  space  heating  and  DHW 

2.1.  Gas  boiler 

Wall-mounted  gas  fired  boiler  is  a  well-established  system  for 
space  heating  and  DHW  production.  In  particular,  the  condensing 
boiler  technology  appears  attractive  in  virtue  of  its  potential  to  go 
beyond  100%  efficiencies,  measured  on  the  lower  heating  value, 
exploiting  condensation  heat  from  the  fuel  combustion.  Conden¬ 
sing  boilers  reach  optimal  performances  with  low  return  tem¬ 
peratures,  below  the  dew  point;  however,  seasonal  efficiencies 
higher  than  the  ones  of  traditional  boilers  can  be  obtained  also 
with  high  temperature  heating  equipment  such  as  radiators  [15], 
In  the  near  future,  due  to  externalities  such  as  global  warming, 
acid  rain  and  urban  smog  [16],  renewable  energy  sources  (e.g., 
biomass,  solar)  are  expected  to  replace  natural  gas  as  fuel  for 
boilers,  and  low  exergy  systems  [17]  will  be  exploited  to  more 
rationally  couple  the  energy  demand  with  low  valued  energy 
supply  sources.  According  to  Ozdemin  et  al.  [18],  in  comparison 
with  biomass-driven  energy  systems  such  as  wood  pellet  boilers 
and  wood  chip  district  heating  stations,  a  natural  gas  condensing 
boiler  has  a  minor  ecological  footprint.  This  is  based  on  the  heat 
supply  as  well  as  on  lower  internal  costs  (due  to  energy  consump¬ 
tion  for  space  heating  and  DHW)  and  external  costs  (related  to 
airborne  pollutants  and  greenhouse  gas  emissions),  and  the 
technology  is  defined  “almost  sustainable”  according  to  a  multi 
criteria  decision  analysis  -  mainly  due  to  fuel  costs,  energy  carrier 
reserves. 

Over  the  last  years,  a  series  of  advancements  on  the  fuel 
combustion  and  on  the  condensation  technique  of  these  boilers 
were  made  [15]:  condensing  boilers  with  modulation  ratios 
between  25%  and  100%  of  their  outputs  and  small  capacity  boilers 
(up  to  4  kW)  can  be  installed  in  buildings  with  very  low  energy 
demand  for  space  heating  (providing  DHW  production  by  means 
of  a  storage  tank).  A  description  of  the  variations  in  expected 
performance  of  this  type  of  boilers,  in  relation  to  different  loads 


and  uses  can  be  found  on  [19].  Fig.  2  illustrates  an  hybrid  system 
combining  hot  water  for  space  heating  and  domestic  use  at  a  high 
and  low  thermal  energy  level  (suitable  for  radiators  and  radiant 
panels),  integrated  with  the  solar  thermal  circuit. 

Domestic  hot  water  heating  can  be  provided  instantaneously 
(the  DHW  heating  load  is  significantly  higher  that  the  space 
heating  load)  or  through  an  integrated  water  storage  above  50  I 
size.  The  size  of  a  water  storage  connected  to  the  solar  circuit 
depends  on  whether  the  solar  thermal  system  serves  only  the 
DHW  loop  or  also  a  space  heating  loop,  and  can  increase  up  to 
750  1. 

2.2.  Solid  biomass  based  system 

Biomass  is  an  abundant  renewable  energy  source  commonly 
used  for  thermal  energy  production.  At  the  building  scale,  biomass 
is  usually  used  as  wood  and  various  type  of  systems  are  now 
available  to  cover  the  heating  and  DHW  energy  demand.  More¬ 
over,  a  renewed  interest  in  technologies  of  wood  combustion  has 
been  catalysed  by  their  nearly  closed  C-cycle  [20],  Other  pollutants 
formed  in  the  process  of  wood  combustion,  including  nitrogen 
oxide  and  sulphur  dioxides,  are  lower  compared  to  emissions 
linked  to  oil  or  coal  combustion  [21].  Small  scale  biomass  based 
HVAC  and  DHW  production  systems  comprise  firewood  and 
pellets  fired  boilers  and  pellets  room  heaters  with  or  without 
water  heat  exchanger. 

Firewood  boilers  represent  the  most  diffused  renewable-based 
technology.  High  performance  boilers  run  with  reversed  combus¬ 
tion  in  ceramic  combustion  chambers  which  are  fed  by  continuous 
wood  loads  [22],  The  high  temperature  uniformly  maintained 
throughout  the  entire  burning  process  and  appropriate  oxygen 
supply  rates  allow  to  cut  emissions  due  to  incomplete  combustion 
of  organic  material  -  reduced  also  by  increasing  the  residence  time 
of  the  hot  smoke  gases  -  and  to  optimise  the  net  energy  gain  from 
wood  burning  [22].  The  volume  of  air  supplied  to  the  boiler  is 
always  higher  than  the  theoretical  amount  necessary  for  biomass 
burning  (from  1.3  to  1.4  for  solid  fuel),  however  the  ratio  of  air 
excess  should  not  be  oversized  to  prevent  too  low  combustion 
temperatures  [21].  Integrated  heat  storage  tanks  (1-2  m3  for 
single-family  household)  storing  thermal  energy  for  a  prolonged 
period  of  time  can  be  connected  to  the  central  heating  system  [23], 
Firewood  for  residential  heating  has  been  increasingly  replaced  by 
wood  pellets.  In  contrast  to  pellets,  characterised  by  well-defined 
emission  factors  due  to  their  homogeneous  constitution,  emissions 
from  firewood  boilers  are  less  reliable  to  be  predicted  due  to 
unstable  burning  process  and  varying  fuel  quality  [24],  Pellets 
have  a  moisture  content  approximately  two  times  lower  as 
compared  to  firewood  [25],  which  reduces  the  need  for  further 
drying.  Other  factors  encouraging  the  use  of  pellets  instead  of 
firewood  are  the  limited  storage  and  operation  -  thanks  to  the 
automatic  feeding  mechanism  -  a  lower  fuel  requirements  and 
lower  GHG  average  emissions  [26],  A  typical  set-up  of  a  domestic 
boiler  fired  with  pellets  is  described  in  [27].  The  pellets  collected 
in  a  hopper  are  provided  by  means  of  a  top-screw  feeder  to  a 
basket  at  a  rate  regulated  by  the  boiler  load.  An  electrical 
resistance  close  to  the  basket  aids  the  combustion  process.  The 
primary  air  is  supplied  by  a  fan  through  small  cavities  at  the 
bottom  of  the  basket;  the  secondary  air  is  injected  through  a 
vertical  tube  at  the  top  of  the  basket.  Air  flow  rates  are  regulated 
by  the  control  system  and  increase  according  to  a  pre-defined 
cleaning  schedule  to  remove  the  ash  formed  at  the  bottom  of  the 
basket.  Thermal  energy  from  the  pellets  combustion  is  transferred 
to  the  water  circuit  through  a  heat  exchanger  placed  at  the  top  of 
the  combustion  chamber.  Pollutants  emitted  by  small  scale  bio¬ 
mass  systems  include  CO  and  CxHy  [28],  dust  [29,30],  and  SO*,  NOx 
[31,32]  and  are  regulated  by  EN  14785:2006.  Emissions  and 
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Fig.  1.  Some  of  the  integrated  HVAC  and  DHW  production  systems  under  review  classified  as  a  function  of  the  service  (plug  loads  &  lighting,  space  heating,  etc.)  and  of  the 
source  of  energy.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article,). 


efficiencies  vary  according  to  the  operational  loads.  At  reduced 
load  operations,  more  representative  of  real  life  conditions,  pollu¬ 
tants  increase  whilst  combustion  efficiencies  are  lower  as  com¬ 
pared  to  nominal  loads  [33].  Gaseous  and  particulate  matter 
emissions  are  also  linked  with  fuel  type  and  fuel  ash  compositions 
[34]  and  are  higher  for  boilers  operating  with  pilot  flame  com¬ 
pared  to  boilers  with  electrical  ignition. 

The  growing  demand  for  biomass  is  raising  concerns  due  to  the 
increasing  pressure  on  woodlands,  which  may  become  unsustain¬ 
able  especially  in  developing  countries,  mostly  reliant  on  fuelwood 
to  cover  energy  needs  [35].  Accordingly,  pellet  boilers  are  increas¬ 
ingly  combined  with  solar  thermal  systems  [36],  which  can  cut 
pellet  consumption  and  CO  emissions  respectively  by  25%  and  44% 
[37];  an  optimisation  method  for  the  design  of  combined  solar  and 
pellet  heating  systems  has  been  proposed  in  [38], 

High  energy  performance  one-floor  houses  can  entirely  rely  on 
room  heaters  (available  in  a  range  of  sizes  from  1.5  to  12  kW)  for 
space  heating  by  radiant  and  convective  heat  transfer.  Modern 
pellet  stoves  integrate  a  built-in  hopper,  manually  or  pneumati¬ 
cally  loaded,  with  pellet  feeding  driven  by  a  thermostat  (one  fuel 
load  typically  covers  12  and  24  operating  hours),  a  combustion 
chamber  with  a  forced  or  induced  draft  fan,  a  convection  air¬ 
blower  and  an  ash  drawer  [39];  emission  requirements  are 
established  by  EPA.  Refractory  insulation  can  be  used  in  the  lower 
parts  of  the  furnace  to  maintain  sufficiently  high  oxidation 
temperatures  and  baffles  can  be  used  to  increase  turbulent 
gaseous  mixing  [40],  Stove  operation  can  be  regulated  remotely 


through  digital  timers  and  dedicated  applications.  Particular 
attention  should  be  paid  to  minimise  dust  formation  to  reduce 
PM  and  polycyclic  aromatic  hydrocarbons  by  installing  additional 
filters  [41],  considering  that  emissions  from  steady  state-based 
standard  measurements  significantly  underestimate  emissions 
under  real  operations  [42],  Regular  cleaning  for  ash  removal  (on 
a  daily  or  weekly  basis)  and  high  noise  levels  in  living  spaces 
should  be  also  taken  into  account.  Room  heaters  can  be  integrated 
with  water  heat  exchangers  serving  a  hydronic  circuit  for  in-floor 
radiant  heating  or  DHW  production. 

Pellet  stoves  can  be  equipped  with  a  water  jacket  connected  to 
a  hot  water  store  through  a  heat  exchanger  placed  in  the  middle  of 
the  storage  (an  electrical  resistance  can  also  be  integrated), 
providing  thermal  energy  -  driven  by  the  storage  and  the  ambient 
temperature  -  firstly  for  DHW  and  then  for  space  heating  [43], 
Solar  collectors  can  be  integrated  in  this  set  up  by  means  of  a  heat 
exchanger  immersed  at  the  bottom  of  the  buffer  store.  Typical 
efficiencies  of  these  solutions  vary  between  80%  and  90%.  Alter¬ 
natively,  back  boilers  can  be  placed  at  the  rear  of  the  stove  burning 
chamber  (in  place  of  the  firebricks)  connected,  through  a  gravity 
convection  system,  to  a  storage  tank  from  which  water  is  delivered 
to  the  use-side  circuits.  All  thermal  energy  stored  through  the  heat 
exchanger  should  be  dispersed  to  prevent  overheating  and  water 
boiling  (i.e.,  risk  of  explosions),  and  pressure/temperature  relief 
valves  should  be  installed  in  critical  points.  In  addition,  conden¬ 
sing  heat  exchangers  can  be  optimised  for  the  reduction  of 
particulate  emission  from  wood  burning  by  condensation  from 
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Fig.  2.  Schematic  of  a  condensing  boiler  working  at  three  different  thermal  energy  levels. 


the  flue  gas  flowing  within  the  heat  exchanger  tubes  (the  water 
film  formed  on  the  exchanger  surface  allows  the  deposited 
particles  to  be  removed  [44]). 

A  further  alternative  to  meet  the  ZEB  low  heating  requirement  is 
represented  by  slow  heat-release  stoves.  A  heat-conductive  ceramic 
(or  natural  stone)  storage  core  inside  the  stove  absorbs  over  60%  of 
the  energy  produced  in  the  combustion  chamber  which  is  gradually 
released  as  radiated  heat  at  low  temperature  and  slow  rates  per 
hour,  with  an  83%  overall  efficiency.  The  application  of  stoves  to  low 
energy  houses  is  still  in  question  because  these  stoves  are  generally 
oversized  in  comparison  with  the  heating  load  of  the  house  and  the 
techniques  to  compute  the  contribution  of  the  stove  to  the  heating 
energy  requirement  of  the  all  building  are  difficult.  A  study  [45]  has 
shown  that  the  use  of  log  stove  is  still  critical  in  case  of  state-of-the 
market  products  and  that  log  stoves  with  capacities  smaller  than 
4  kW  or  with  shorter  combustion  cycles  should  be  developed.  The 
low  direct  heat  output  prevents  overheating.  The  thermal  storage 
capacity  is  exploited  to  maintain  ambient  temperatures  relatively 
constant  for  several  hours  after  the  combustion  completion.  Top 
wood  burning  reduces  emissions  whilst  the  low  surface  temperature 
of  the  stone  cladding  minimises  dust  circulation.  Other  alternatives 
to  compact  stone  heat  storages  exist.  Prefabricated  double-walled 
heat  storages  with  air  gaps  have  a  lower  efficiency  as  compared  to 
single-walled  stoves  without  air  gap  [46],  A  recent  research  carried 
out  by  the  Danish  Technological  Institute  and  the  stove  manufac¬ 
turer  Morso  Jernstoberi  has  revealed  the  potential  of  using  a  phase 
change  material  -  salt  hydrate  (melting  temperature  60  °C)  -  in 
place  of  stone  with  a  view  to  further  extend  heat  quota  released  over 
time  with  lower  mass  and  volume  occupied.  Tests  have  shown  that 
temperatures  above  30  C  have  been  maintained  for  more  than  14  h 
after  charging,  thus  eliminating  night  firing  needs.  Storage  heating 
stoves  can  be  also  combined  with  heat  exchangers  to  provide  (or 
integrate)  space  heating.  A  hydronic  module  in  contact  with  the 
stove  storage  core  absorbs  up  to  50%  of  the  energy  produced, 
reducing  the  direct  heat  release  through  the  ambient  air,  in  a 
suitable  way  for  low  energy  houses.  Water  flow  is  regulated  through 
thermostat  valves  and  a  circulating  pump. 

Requirements  and  test  methods  for  slow  heat  release  appli¬ 
ances  fired  by  solid  fuel  are  provided  by  EN  15250  standard. 


However,  only  some  theoretical  studies  exist  on  slow  heat-release 
stoves  [46], 

2.3.  Solar  assisted  heat  pump 

Another  system  that  combines  space  heating  and  DHW  production 
is  represented  by  hybrid  systems  integrating  solar  thermal  collectors 
and  heat  pumps  for  maximising  the  exploitation  of  renewable  energy 
sources.  Over  the  last  years,  a  number  of  studies  were  carried  out  on 
solar  assisted  heat  pump  (SAHP)  systems.  A  literature  review  on  direct 
expansion  (DX)  SAHP  is  provided  by  [47,48]  researches  on  DX-SAHP 
for  space  heating,  SAHP  for  water  heating,  SAHP  with  storage  for  space 
heating  and  solar-assisted  ground  source  heat  pumps  are  reviewed  by 
[49].  A  mathematical  model  for  DX-SAHP  calculations  consisting  of 
energy  and  exergy  balance  equations  is  proposed  by  [48]  and  applied 
to  a  vapour  compression  DX-SAHP  serving  a  Turkish  office.  In  practice, 
different  SAHP  systems  -  equipped  with  unglazed  evaporator  collec¬ 
tors,  evaporator  collectors  and  air  collectors,  exploiting  solar  and 
ambient  energy  -  were  tested  for  various  applications  (air-condition¬ 
ing,  water  heating,  and  drying)  under  the  Singapore  meteorological 
conditions  in  [50],  resulting  that,  in  comparison  with  a  conventional 
collector,  the  evaporator-collector  efficiencies  were  higher,  ranging 
from  80%  to  90%  with  an  8.0  coefficient  of  performance  of  the  heat 
pump  system.  A  variety  of  further  investigations  aimed  at  modelling, 
designing  and  testing  solar  assisted  heat  pumps  systems  is  available  in 
literature  [13,51-53], 

An  example  of  an  hybrid  solar  thermal-heat  pump  system  is 
shown  in  Fig.  3:  heat  is  generated  by  a  heat  pump;  the  primary  loop 
of  the  solar  thermal  system  serves  a  tank-in-tank  storage  volume 
(e.g„  750  1  for  space  heating  and  200  1  for  DHW);  the  DHW  contained 
in  the  internal  tank  is  sent  to  a  heat  exchanger  for  thermal  integration 
operated  by  the  heat  pump. 

Avoiding  the  thermal  integration  directly  into  the  storage, 
allows  the  storage  temperature  to  be  lower  and  this  increases  the 
efficiency  of  the  solar  thermal  collectors. 

This  system  is  usually  tailored  for  detached  houses;  in  multi-family 
residential  buildings  a  centralised  storage  serving  the  solar  thermal 
system  and  centralised  or  individual  thermal  integrations  are  pro¬ 
vided.  In  this  last  case,  heating  energy  metres  are  necessary. 
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2.4.  Condensing  boiler-heat  pump 

Whereas  in  the  past  several  studies  were  conducted  on  heat 
pumps  as  stand-alone  systems,  new  research  efforts  are  currently 
directed  towards  the  integration  of  heat  pumps  with  other  energy 
systems  since  hybrid  systems  represent  a  possible  path  to  upgrade 
the  heat  pump  technology  extending  it  to  wider  applications  [54], 
Integrated  approaches  to  the  design  of  heat  pumps  are  thus 
required  in  order  to  reduce  costs  and  improve  energy  perfor¬ 
mances.  Recently,  hybrid  systems  combining  a  condensing  boiler 
and  a  heat  pump  have  been  designed  to  take  advantage  of  the 
benefits  of  each  technology. 

Considering  a  typical  package  with  condensing  boiler-  air-to- 
water  heat  pump  configuration,  the  heat  pump  runs  when 
temperatures  are  mild;  when  the  outside  air  temperature 
decreases,  the  heat  pump's  coefficient  of  performance  (COP) 
decreases,  while  the  heating  load  increases  and  the  boiler  is  used 
since  it  is  more  convenient  in  terms  of  energy  efficiency.  A  cut-off 
temperature  below  which  the  heat  pump  is  switched  over  can  be 
individuated  based  on  the  energy  efficiency  or  on  the  energy  cost; 
however  it  is  also  possible  to  activate  the  condensing  boiler  above 
the  cut-off  temperature  when  the  heating  load  is  not  satisfied  by 
the  heat  pump.  Basically,  the  boiler  is  operative  only  when  its 
efficiency  is  higher  compared  to  the  heat  pump’s  equivalent  heat 
efficiency,  quantified  in  terms  of  source  energy,  which  is  depen¬ 
dent  on  the  hot  water  temperature  set  point  and  the  outside  air 
temperature  and  relative  humidity.  This  system  has  been  proven 
to  maximise  the  energy  system  total  efficiency. 

According  to  [55]  the  average  seasonal  energy  efficiency  ratio 
of  such  system  amounts  to  127%.  Otherwise,  heat  pump  and 
condensing  boiler  can  be  coupled  separately  without  being  com¬ 
bined  into  the  same  device.  Fig.  4  shows  an  integrated  system 
(1)  which  consists  of  a  condensing  boiler  (3.3-33  kW),  a  3001 
stratified  water  heater  and  a  solar  thermal  circuit.  A  6-8  kW  heat 
pump  (2)  is  installed  outdoor  and  is  partly  fed  with  the  electricity 
generated  by  a  photovoltaic  (PV)  system;  DHW  is  produced  by 
means  of  a  plate  heat  exchanger. 

In  case  the  heat  pump  is  reversible,  for  an  optimal  exploitation,  a 
heat  pump  requires  a  balanced  distribution  of  the  heating  and  cooling 
loads  throughout  the  year,  which  usually  is  not  feasible  in  warm  or 
cold  climates,  respectively  demanding  higher  energy  consumptions  for 
space  cooling  and  space  heating  (e.g„  concerning  ground  source  heat 
pumps,  the  amount  of  thermal  energy  injected/extracted  into/from 
the  soil)  [56]. 


Not  only  electricity-driven  heat  pumps,  but  also  other  types  of 
heat  pumps  can  be  coupled  to  condensing  boilers.  In  comparison 
with  an  individual  boiler  thermal  efficiency,  a  heat  pump-boiler 
system  fed  by  a  low  temperature  heat  source  can  reach  up  to  120% 
thermal  efficiencies  by  coupling  the  heat  exchangers  in  series  and 
exploiting  power  recovery  in  the  heat  pump  cycle  expansion 
process  [57], 

An  air-to-water  gas  engine  heat  pump  coupled  with  two  conden¬ 
sing  boilers  has  been  tested  for  three  years  by  [58]:  the  heat  pump  was 
designed  to  meet  the  mean  winter  loads  whilst  the  boilers  integrated 
conjointly  the  primary  hydraulic  circuits  (serving  hot  water  at 
40-45  DC)  or  separately  (driven  by  thermostats)  the  primary  and  the 
secondary  circuit  (with  70  °C  hot  water  from  the  heat  recovery).  The 
gas  engine  heat  pump  and  the  condensing  boilers  have  also  been 
compared  by  running  separately  during  two  series  of  three  testing 
days:  the  condensing  boiler  performance  appeared  quite  lower, 
attesting  20%  higher  consumptions.  Vice  versa,  significant  energy 
savings  have  been  attested  by  the  HVAC  plant  operating  as  a  whole, 
rationally  exploiting  the  peculiarities  of  these  two  production  systems. 

In  addition,  the  condensing  boiler  has  also  been  integrated  with 
absorption  heat  pumps  (reviewed  below):  in  this  combination,  the 
boiler  is  also  used  to  increase  up  to  80  C  the  thermal  level  of  the  hot 
water  produced  by  the  absorption  heat  pump. 

2.5.  Zeolite  based  integrated  system 

The  continuous  research  for  an  alternative  energy  source 
contrasting  fossil  fuels  worldwide  demand  has  been  a  driver  to 
discover  new  materials  or  innovative  uses  of  already  known 
technologies.  Zeolite  is  an  aluminosilicate  mineral  whose  physical 
properties  make  its  use  complementary  to  heat  pump  cycles. 
Thanks  to  its  hygroscopic  microporous  molecular  structure,  the 
zeolite  is  able  to  store  heating  and  cooling  energies  by  adsorbing 
water  vapour  and  releasing  thermal  energy  through  reversible 
water  adsorption/desorption  cycles.  In  particular,  zeolite's  high 
thermal  energy  storing  capacity,  along  with  its  ability  to  undergo 
several  reversible  direct  hydration  and  dehydration  cycles,  result 
ideal  for  thermal  energy  storage  systems  [59],  In  thermal  driven 
adsorption  heat  pumps,  zeolite  operates  as  adsorbent.  The  adsor¬ 
bate  should  have  well-defined  features  (e.g.,  compatible,  non¬ 
toxic,  non-flammable,  stable):  water  is  often  used  due  to  a  higher 
latent  heat  per  volume  capacity  in  comparison  with  traditional 
refrigerants  [60],  Several  researches  for  different  applications  have 
been  carried  out  on  zeolite-water  working  pairs  [61-63], 
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Fig.  3.  Schematic  of  a  solar  thermal  plant  for  space  heating  and  DHW  production  coupled  to  an  heat  pump. 
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Adsorption  heat  pumps  have  the  potential  for  being  economically 
competitive  [64]  with  vapour  compression  heat  pumps  due  to 
many  advantages  such  as  longer  life  span,  quiet  running,  lack  of 
moving  parts  and  hazardous  materials  [65],  On  the  contrary,  lower 
COP,  leakage,  high  vacuum  and,  particularly,  heat  and  mass 
transfer  problems  represent  the  main  drawbacks  [65,66], 

A  typical  zeolite/water  gas  heat  pump  is  coupled  with  the  well- 
known  gas  condensing  boiler  with  solar  supported  heating. 
Designed  with  capacities  from  10  to  15  kW  and  efficiencies  up  to 
128%,  this  system  provides  DHW  and  low-temperature  space 
heating  for  single-family  detached  houses.  A  schematic  of  this 
system  is  reported  in  Fig.  5.  The  heat  pump  module  contains  a  heat 
exchanger,  placed  at  the  top,  which  is  filled  with  zeolite  granulates 
and  works  as  an  adsorber/desorber,  whilst  a  further  heat  exchan¬ 
ger  at  the  bottom  of  the  module  acts  as  condenser/evaporator;  in 
addition,  water  operating  as  refrigerant  is  adsorbed  by  the  zeolite 
or  collected  at  the  lower  part  of  the  module. 

During  the  desorption  phase,  the  boiler  burner  increases  up  to 
120  °C  the  heating  fluid  running  within  the  adsorber/desorber 
and  as  a  consequence  the  water  previously  embedded  within  the 
zeolite  crystals  reaches  in  the  form  of  steam  the  lower  section  of 
the  module,  where  it  condenses  releasing  thermal  energy  until  the 
zeolite  gets  dry.  At  this  stage,  with  the  gas  burner  switched  off,  the 
module  is  gradually  cooled  and  the  adsorption  phase  begins: 
exploiting  the  heat  from  the  solar  circuit,  the  water  stored  at  the 
bottom  of  the  module  evaporates  and  raises  to  the  adsorption 
section  where  it  is  again  stored  within  the  zeolite,  closing  the 
cycle. 

The  zeolite  storing  capacity  remains  unchanged  ensuring 
effective  operation  even  after  thousands  of  adsorption/desorption 
cycles.  Further  advancements  on  zeolite  based  integrated  systems 
-  basically  still  a  niche  technology  -  are  expected  also  in  virtue 
of  the  non-toxic  and  non-flammable  nature  of  the  material. 


2.6.  Multi-source  storage 

Bridging  the  gap  between  energy  consumption  and  energy  gen¬ 
eration  is  necessary  to  rationally  exploit  the  various  energy  sources 
(both  renewable  and  conventional)  [67],  and  energy  efficient  technol¬ 
ogies  for  thermal  energy  storage  have  been  increasingly  studying  since 
indispensable  to  balance  the  mismatch  between  energy  generated  and 
energy  consumed  by  optimising  energy  management  strategies.  Stritih 
et  al.  [68]  gave  an  overview  of  state-of-the-art  advancements  in  solar 
thermal  energy  storages,  with  particular  reference  to  the  Turkish  and 
Slovenian  context,  distinguishing  between  short  diurnal  (day/night) 
and  long  seasonal  (summer/winter)  storages  -  the  former  using 
mostly  phase  change  materials  (PCM)  and  thermo-chemical  applica¬ 
tions,  the  latter  usually  provided  with  underground  thermal  energy 
storages  -  and  an  hybrid  system  combining  both.  The  exploitation  of 
latent  heat  by  means  of  the  aforementioned  PCMs  appears  an  effective 
way  of  storing  thermal  energy,  and  a  significant  literature  on  this 
matter  is  available,  such  as  [69-71],  however  according  to  IEATask  32 

[72]  further  research  is  necessary  for  PCMs  screening,  heat  transfer 
optimisation,  stores  design  and  simulation  models. 

Therefore  storing  energy  in  the  form  of  sensible  heat  currently 
appears  the  most  viable  solution  for  seasonal  storage  of  thermal 
energy  since  cheaper,  reliable  and  well-established  [73],  The  main 
drawback  of  this  solution  is  the  high  thermal  level  required  to  the 
storage  medium  in  order  to  dispose  of  an  adequate  energy  density,  i.e., 
without  a  marked  stratification  the  heat  transfer  to  a  storage  almost 
charged  becomes  problematic  as  well  as  it  reversely  is  the  exploitation 
of  low  valued  thermal  energy  when  the  storage  is  going  to  discharge 

[73] .  Thermal  stratification  should  therefore  be  accentuated  as  much 
as  possible,  also  in  view  of  upgrading  the  solar  thermal  system 
efficiency  (by  5-15%  compared  to  a  water  mixed  storage  [74])  by 
exploiting  the  outlet  fluid  low  thermal  level  which  allows  to  minimise 
the  heat  exchange  between  solar  collectors  and  the  environment  [75], 
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Fig.  4.  Schematic  of  an  air-to-water  heat  pump,  condensing  boiler,  solar  thermal  and  solar  photovoltaic  system. 
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Research  efforts  have  been  aimed  at  optimising  stratification,  for 
instance  by  means  of  stratifiers  propaedeutic  to  decrease  mixing 
phenomena  within  the  water  volume  [76],  exploiting  segmenting 
storage  systems  [77]  or  enhancing  the  stores  configuration  [78]. 

To  this  regard  and  with  a  view  to  optimising  the  exploitation  of 
different  energy  sources  (in  particular  the  renewable  ones)  pro¬ 
viding  hot  water  at  different  thermal  levels,  multi-source  multi¬ 
use  water  heat  storages  were  recently  designed.  Those  multi¬ 
source  multi-use  storages  consist  of: 


different  hydronic  source  side  circuits  fed  by  solar  thermal, 
biomass  boilers,  gas  boilers  and  so  on; 

-  different  hydronic  use  side  circuits,  such  as  high  temperature 
space  heating  (e.g.  radiators)  and  low  temperature  radiant 
space  heating,  DHW;  and 

-  a  controller  which  optimises  the  exploitation  of  the  source  side 
of  the  storage  according  to  the  use  side.  The  source  side  and 
the  use  side  can  be  connected  hydraulically  or  by  means  of 
a  heat  exchanger. 
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Fig.  5.  Schematic  of  a  zeolite-based  integrated  system  for  space  heating  and  DHW  production. 
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Fig.  6.  Schematic  of  a  thermal  plant  provided  with  multi-source  multi-use  storage. 
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Multi-source  multi-use  storages  rely  on  the  water  volume 
thermal  stratification  to  improve  the  heat  transfer  performance: 
in  the  inside,  heat  exchangers  are  properly  placed  in  relation  to  the 
expected  fluid  operating  temperature,  which  rises  upwards.  In 
order  to  have  the  best  possible  pronounced  temperature  stratifica¬ 
tion  behaviour,  interior  diaphragms  are  used  and  geometry  of 
the  use  and  source  side  heat  exchangers  is  designed  to  minimise 
convective  heat  and  mass  transfer  within  the  tank.  A  schematic  of 
a  multi-source  multi-use  energy  storage  is  reported  in  Fig.  6:  lower 
coils  receive  heat  from  solar  thermal  (or,  alternatively,  heat  pumps 
or  heat  recovery  from  chiller  condensers):  intermediate  coils 
receive  heat  from  the  condensing  boiler;  upper  coils  are  used  to 
produce  DHW.  The  heat  storage  is  hydraulically  connected  to  high 
and  low  temperature  space  heating  uses  (e.g.,  radiators  and 
radiant  panels)  and  to  a  biomass  boiler. 

The  temperature  stratification  can  be  further  enhanced  by 
exploiting  direct  storage  of  the  heat  into  the  solar  thermal  storage 
with  unpressurised  and  direct  drain-back  systems.  A  300  1  strati¬ 
fied  solar  storage  is  integrated  with  a  gas  condensing  boiler  or  heat 
pump  in  small  compact  units  (e.g.,  0.36  m2)  for  water  heating  and 
space  heating  integration.  The  storage  is  equipped  with  up  to  four 
steel  pipes  heat  exchangers  and  is  fed  only  once  during  the 
commissioning  with  unpressurised  and  additive-free  tap  water. 
At  the  bottom  of  the  store  a  heat  exchanger  is  fed  by  cold  water, 
whose  temperature  rises  upwards  along  the  storage  accentuating 
the  system  stratification  behaviour  and  ensuring  low  thermal 
levels  serving  the  solar  thermal  circuit.  Thermal  energy  is  directly 
stored  into  the  tank,  and  since  the  DHW  flows  in  a  separate  pipe 
system  instead  of  being  as  usual  stored  in  the  storage  volume,  it  is 
possible  to  prevent  deposits  of  sediments  and  also  legionella 
bacteria  growth  due  to  the  uniformity  of  the  water  flow  within 
the  store  which  is  homogeneously  heated.  The  water  is  directly 
provided  to  the  solar  collectors  without  heat  exchanger  and  once 
heated  it  is  redirected  to  the  store  and  stratified.  The  absence 
under  specific  boundary  conditions  of  a  working  fluid  running 
within  the  collectors  allows  to  avoid  the  use  of  antifreeze  agents; 
in  addition,  due  to  the  unpressurised  operation,  the  adoption  of 
ancillary  equipment  such  as  pressure  gauge,  expansion  tank  and 
pressure  relief  valve  is  not  required.  However,  this  solution  is 
feasible  only  with  specific  tilt  angles  for  the  connexion  pipes  and 
heights  which  can  be  covered  by  the  pump. 


3.  Integrated  systems  for  space  heating,  cooling  and  DHW 

3.1.  Reversible  heat  pump 

The  most  recurring  solution  integrating  space  heating,  DHW  and 
space  cooling  is  based  on  the  reversible  heat  pump  technology. 
Basically,  heat  pumps  allow  to  transfer  thermal  energy  from  a  low 
temperature  medium  to  a  high  temperature  medium.  A  heat  source 
is  used  as  a  medium  to  extract  thermal  energy  through  an  evaporator 
and  a  heat  sink  is  used  as  a  medium  to  reject  thermal  energy  through 
a  condenser  [79],  Usually,  a  working  fluid  is  compressed  into  liquid 
and  expanded  into  vapour  absorbing  and  releasing  thermal  energy. 
In  order  to  invert  spontaneous  heat  flow  from  higher  to  lower 
temperatures,  an  amount  of  external  energy  is  necessary,  which  is 
proportional  to  the  outdoor-indoor  temperature  gradient. 

Recent  upgrades  led  heat  pumps  to  produce,  along  with  hot 
and  chilled  water  for  space  heating  and  cooling,  also  hot  water  for 
domestic  use  at  appropriate  thermal  levels.  DHW  energy  demand 
is  time  concentrated  but  constant  throughout  the  year,  accordingly 
it  has  to  be  provided  also  in  cooling  mode  (for  instance  by 
condensing  heat  recovery). 

For  low  energy  demand  users,  reversible  heat  pumps  with  heat 
recovery  are  currently  very  commonly  adopted,  operating  on 


“single-stage”  (space  heating  or  space  cooling  or  DHW)  and 
“two-stage”  (space  heating  and  DHW,  space  cooling  and  DHW 
with  heat  recovery). 

For  intermediate  and  high  energy  demand  users,  hot/chilled  water 
can  be  provided  by  means  of  reversible  heat  pump  while  a  separate 
heat  pump  (or  another  production  system)  is  dedicated  to  the  DHW 
production.  For  a  cooling/heating  capacity  from  5  kW  to  20  kW,  the 
heat  pump  is  an  air  cooled  or  water  cooled  packaged  system 
assembling  a  thermal/chiller  section,  a  hydraulic  section  with  storage 
and  pumps  and  a  controller  section.  It  is  then  sufficient  to  properly 
connect  the  different  hydronic  circuits  (space  heating/cooling,  DHW, 
solar  thermal,  condensing  fluid  or  refrigerant  depending  on  whether 
the  heat  pump  source  is  the  water  or  the  outdoor  air).  However,  COP 
of  heat  pumps  is  highly  variable  and  dependent  on  heterogeneous 
factors  such  as  system  components,  source  temperature,  medium  used 
[48].  In  particular,  the  following  boundary  conditions  considered  to 
assess  the  heat  pump/refrigerator  nominal  capacity  and  COP/EER 
should  be  carefully  fixed: 

-  hot/chiller  water  supply  temperature  and  delta  temperature 
difference  (AT); 

-  evaporator/condenser  source  side  temperature. 

The  heat  pump/refrigerator  performance  indicator  provided  by 
manufactures  is  assessed  at  a  pre-defined  set  of  operating  condi¬ 
tions  (reported  for  example  in  the  Eurovent  Certification):  the 
congruity  between  expected  and  real  operating  conditions  should 
be  therefore  meticulously  evaluated.  An  air-source  heat  pump 
whose  COP  has  been  assessed  assuming  a  35  °C  hot  water  supply 
temperature  for  space  heating  (on  the  lower  limit  for  low- 
temperature  space  heating)  should  be  congruent  with  the  design 
of  the  heating  terminals.  In  order  to  exemplify,  COP  and  heating 
capacity  variations  for  a  liquid  refrigerator  operated  in  heat  pump 
in  relation  to  different  evaporator  temperatures  (13  °C  and  18  C) 
are  reported  in  Fig.  7,  whereas  Table  1  shows  how  a  water-to- 
water  heat  pump  and  an  air-to-water  heat  pump  seasonal  COPs 
(SCOP)  and  seasonal  EERs  (ESEER)  vary  in  relation  to  different 
operating  conditions. 

According  to  Fig.  7,  when  the  condensation  temperature  rises 
from  35  to  55  °C,  COP  is  almost  halved  and  the  heating  capacity 
shows  a  downward  trend  loosing  approximately  5  kW. 

Furthermore,  it  is  important  to  evaluate  the  operating  tem¬ 
perature  intervals  since  the  hot  water  supply  temperature  can 
decrease  when  the  outside  air  temperature  drops.  Accordingly, 
advanced  versions  of  these  energy  systems  are  also  provided  with 

-  an  additional  thermal  resistance  that  guarantees  DHW  produc¬ 
tion  when  the  outside  air  temperature  is  lower  in  case  of  air- 
source  heat  pumps; 

-  an  exchanger  which  permits  free-cooling  without  operating  a 
refrigeration  cycle  and  exploits  direct  heat  exchange  with  lower 
cooling  water  temperature  in  case  of  water-source  heat  pumps. 

Part  load  performances  -  required  to  carry  out  the  seasonal 
performance  assessment  -  should  be  also  considered  and  can  be 
synthetically  represented  by  means  of  diagrams  like  those 
reported  in  Figs.  8  and  9,  where  COP  and  EER  trends  are  shown 
for  30%,  40%,  50%,  60%,  75%  and  100%  load  factors  according 
respectively  to  a  35  °C  and  18  °C  outlet  water  temperature. 

Small  capacity  heat  pumps  are  usually  provided  with  scroll 
compressors  and  use  the  R-410A  refrigerant;  their  performance  is 
then  improved  at  lower  loads. 

In  addition,  heat  pump  systems  with  total  heat  recovery  are 
designed  to  combine  hot/chiller  water  and  DHW  production. 
Domestic  water  heating  is  provided  by  means  of  a  steel  plate  heat 
exchanger  placed  after  the  compressor  and  operating  in  total  or 
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ooo  Thermal  capacity  evaporator  temperature  1 8  °C 
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COP  evaporator  temperature  1 3  °C 


Fig.  7.  Different  COPs  varying  the  condensing  fluid  temperature  for  a  29  kW 
heat  pump. 


Table  1 

Water-to-water  and  air-to-water  heat  pump  seasonal  COP  and  seasonal  EER 
according  to  different  hot/chiller  water  supply  temperatures. 


Tout 

Water-to-water  heat  pump 

Air-to-water  heat  pump 

SCOP 

ESEER 

SCOP 

ESEER 

35  °C 

5.70 

3.76 

45  °C 

4.72 

3.35 

18  °C 

5.48 

5.23 

7  °C 

4.59 

4.02 

partial 

recovery  mode. 

Data  retrieval 

for  energy 

consumption 

calculations  is  again  time-consuming  since  specifications  concern¬ 
ing  the  system  performance  are  required  in  relation  to  different 
operating  conditions  and  are  not  commonly  found  on  manufac¬ 
turers  specifications. 

3.2.  VRV/VRF  system 

Hot/chilled  water  for  space  heating  &  cooling  and  DHW  can  be 
also  produced  with  hybrid  variable  refrigerant  volume  (VRV)  or 
variable  refrigerant  flow  (VRF)  systems.  Basically,  a  VRF  system 
exploits  a  variable  speed  compressor  and  the  indoor  units  electro¬ 
nic  expansion  valves  to  vary  the  refrigerant  flow  rate  in  order  to 
cover  the  heating  and  cooling  loads  and  reach  the  set-point 
temperature.  A  detailed  overview  on  operations,  applications  and 
costs  and  a  review  of  the  experimental  and  numerical  researches 
carried  out  on  multi-split  VRF  systems  can  be  found  in  [80], 
A  control  method  for  a  multi-split  VRF  system,  developed  in 
[81],  demonstrates  that  in  a  room  with  high  cooling  load  the 
indoor  unit  refrigerant  flow  rate  is  higher  compared  to  the  one  of 
the  indoor  unit,  and  that  reaching  the  set  point  temperature  the 
compressor’s  frequency  diminishes;  the  refrigerant  flow  rate  of 
the  indoor  units  can  be  individually  controlled  being  responsive  to 
the  cooling  loads.  A  further  control  strategy  with  a  fuzzy  control 
algorithm  aimed  at  reaching  the  desired  level  of  control  of  multi¬ 
evaporator  air  conditioners  is  proposed  and  tested  in  [82],  Recom¬ 
mended  superheats  in  indoor  units  should  be  kept  around  4  °C  by 
regulating  the  expansion  valves  whilst  the  compressor  speed  is 
adjusted  according  to  the  units  optimal  cooling  capacity  [83],  VRV 
can  be  also  provided  with  a  digital  scroll  compressor  instead  of 
recurring  to  the  inverter  technology,  with  high  performances  and 
cost  effectiveness  (20%  cost  savings  compared  to  an  analogous 
solution  with  inverter  aided  compressor)  [84],  There  is  still  a 


Fig.  8.  COP  variation  in  relation  to  the  water  source  temperature  (Tws)  according  to 
varying  loads  for  a  small  capacity  water-to-water  heat  pump/refrigerator  for 
residential  applications;  the  outlet  water  temperature  is  set  to  35  C. 


Outlet  water  temperature  [°C] 
18.0  18.0  18.0  18.0 


Fig.  9.  EER  variation  in  relation  to  the  outside  air  temperature  according  to  varying 
loads  for  a  small  capacity  air-to-water  heat  pump/refrigerator  for  residential 
applications;  the  outlet  water  temperature  is  set  to  18  °C. 

shortage  of  energy  simulation  software  available  for  the  energy 
performance  assessment  of  VRF  systems,  however  the  Energy 
Plus  environment  can  be  used  for  investigating  VRF  modules 
and  comparing  their  effectiveness  in  relation  to  other  energy 
systems  [85], 

Used  at  first  in  DX  units,  currently  VRV  systems  can  be 
equipped  with  refrigerant-water  heat  exchangers  in  order  to  be 
used  also  in  hydronic  systems  [86],  In  Fig.  10  the  schematic  of  a 
gas-water  hybrid  energy  system  is  shown.  DX  terminals  on  the 
refrigerant  loop  are  associated  with  heating/cooling  water  units 
of  the  hydronic  circuit,  equipped  with  pumps  and  an  optional 
storage.  R-410A  refrigerant  is  used  and  it  is  possible  to  produce 
hot  water  at  a  thermal  level  around  45  °C.  In  this  case,  the 
system  consists  of  an  air  or  water  condensing  external  unit,  a 
refrigerant  loop,  air  internal  units  and  water  condensing/evapor¬ 
ating  units  producing  hot/chilled  water.  COPs  depend  on  the 
boundary  conditions  concerning  design  heating  and  cooling 
water  temperatures,  fluid  temperatures  at  the  cold  side  (air/ 
water)  and  hot  side.  Through  external  units  with  heat  recovery 
in  VRV  and  VRF  systems,  in  addition  to  simultaneously  activate 
different  DX  internal  units  in  heating  or  cooling  setting,  it  is 
possible  to  produce  at  the  same  time  hot/chilled  water  via  water/ 
air  terminals. 

As  shown  in  Fig.  11,  hot  water  at  higher  thermal  levels  (up  to 
70  C)  can  be  provided  by  partialising  the  thermal  lift,  i.e.  coupling 
another  heat  pump  using  the  R-134a  refrigerant  to  the  primary  R- 
410A  refrigerant  circuit.  The  hot  water  supply  system  allows  to 
recover  thermal  energy  extracted  from  thermal  zones  which 
undergo  space  cooling  to  integrate  hot  water  production  covering 
only,  if  necessary,  the  remaining  quota  of  the  heating  load. 

This  solution  avoids  the  COP  of  the  external  unit  to  be 
excessively  reduced  while  guarantees  hot  water  at  two  different 
thermal  levels.  Installing  a  water  condensing  external  unit,  it  is 
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Fig.  10.  Schematic  of  the  refrigerant  loop  serving  a  VRV  system  equipped  with  air-to-water  unit  for  intermediate/low  temperature  hot  water  production  and  chilled  water 
production. 
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Fig.  11.  Schematic  of  the  refrigerant  loop  serving  a  VRV  system  equipped  with  a  two-stage  hydronic  unit  for  high  temperature  hot  water  production. 


possible  to  produce  hot  water  at  70  C  reaching  a  3.5  global  COP 
(including  both  heat  pumps).  It  is  worth  noting  that  also  these 
energy  systems  can  be  connected  to  the  solar  thermal  circuit,  as 
demonstrated  by  the  plant  scheme  reported  in  Fig.  12,  where  the 
outside  air  thermal  energy  is  exploited  by  the  outdoor  unit  and 
then  delivered  through  a  refrigerant  circuit  to  the  water  unit 
where  it  is  transferred  to  a  hydraulic  circuit  serving  the  space 
heating  and  DHW  production. 

3.3.  Gas  heat  pump 

Along  with  vapour-compression  heat  pumps  with  electricity- 
driven  compressor,  there  are  also  vapour-compression  gas  engine 
heat  pumps  (GEHP)  whose  compressor  is  driven  by  an  endother¬ 
mic  engine  and  gas-fired  absorption  heat  pumps  (GAHP),  both 
tailored  for  intermediate  sizes.  GEHP  technology,  up-to-date 
basically  uncommon,  uses  a  gas-powered  endothermic  engine 
that  operates  the  refrigeration  compressor  of  a  conventional 
reverse  vapour-compression  cycle:  in  heat  pump  setting,  during 
winter,  heat  recovery  operated  by  the  engine  (from  the  cooling  of 


the  cylinder  and  from  the  exhaust  recovery)  is  exploited  to 
evaporate  the  refrigerant  (Fig.  13,  on  the  top);  during  summer, 
with  the  reverse  cycle  activated,  the  heat  recovery  from  the  engine 
is  used  for  domestic  water  heating  (Fig.  13,  on  the  bottom).  GEHP 
heating  capacities  range  from  25  kW  to  80  kW. 

A  comprehensive  overview  on  historical  development,  litera¬ 
ture  and  operation  of  gas  engine-driven  heat  pumps,  in  addition  to 
energy  and  exergy  balance  equations  defined  for  an  illustrative 
example,  is  provided  by  [87],  Initially  investigated  at  the  end  of 
1970s  [88,89],  the  first  gas  engine-driven  heat  pump  was  com¬ 
mercialised  in  1985.  The  rationale  behind  its  adoption  lies  in  the 
possibility  of  replacing  electricity  with  natural  gas  (apart  from 
parasitic  power  consumptions),  avoiding  the  twofold  conversion 
fuel-electricity  at  the  power  plant  and  electricity-mechanical 
energy  by  the  heat  pump,  with  an  efficiency  ratio  amounting  to 
roughly  140%  in  cooling  mode  (with  free  DHW  production)  and 
150%  in  heating  mode.  The  COP  of  gas  engine-driven  heat  pumps  is 
not  considered  suitable  for  comparative  purposes  since  not  prop¬ 
erly  influenced  by  the  heat  recovery  effect.  For  that  reason  the 
primary  energy  ratio  (PER)  is  preferred  [87],  The  gas  engine  heat 
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Fig.  12.  Schematic  of  a  VRV  system  equipped  with  water  units  and  solar  thermal  integration  for  space  heating  &  cooling  and  DHW  production. 
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Fig.  13.  GHP  working  diagrams. 


pump  PER  is  proven  to  be  the  highest  amongst  different  heating 
and  air-conditioning  systems  evaluated  under  various  conditions 
[90,91],  However,  further  advancements  in  control  systems  and 
equipment  appear  necessary  in  the  development  of  gas  engine 
heat  pumps  [87],  Hybrid  systems  that  combine  gas  engine  heat 
pumps  with  other  technologies  and  systems  are  also  studied  to 


reach  higher  efficiencies  compared  to  conventional  gas  engine- 
driven  heat  pumps  [92,93], 

3.4.  Gas  absorption  heat  pump 

An  absorption  cycle  is  basically  used  to  bring  low-valued 
energy  (e.g„  geothermal  energy,  solar  energy,  and  heat  recovery), 
to  a  useful  temperature  level;  absorption-based  systems  are 
interesting  in  virtue  of  the  high  energy  savings  potentials  and, 
in  contrast  with  most  vapour  compression  systems,  due  to  the 
avoidance  of  the  use  of  chlorofluorocarbon  refrigerants  [94],  Fig.  14 
shows  two  GAHP  units  running  for  space  heating  and  DHW 
production  with  the  integration  of  a  boiler. 

The  GAHP  operates  with  an  ammonia  and  water  solution  which 
is  heated  by  a  gas  fired  burner  and  then  transferred  to  the 
condenser  where  condensing  releases  thermal  energy  which  is 
used  for  DHW  production  and  space  heating.  Through  an  expan¬ 
sion  valve,  the  high  pressure  ammonia  liquid  is  converted  into  low 
pressure  ammonia  liquid  which  evaporates  in  the  evaporator 
exploiting  the  outside  air  thermal  energy  content.  Within  the 
absorber,  the  ammonia  gas  is  dissolved  into  the  ammonia  water 
solution  and  a  pump  drives  a  new  process  so  that  the  cycle  can 
repeat. 

A  GAHP  fired  with  methane  can  provide  a  gas  utilisation 
efficiency  (CUE)  for  space  heating  from  150%  to  170%,  depending 
on  the  expected  hot  water  supply  temperature  and  selected  eva¬ 
porator  heat  source  (air,  water,  ground).  The  lower  efficiencies  are 
characteristics  of  air  evaporating  heat  pumps  and  DHW  production 
at  a  higher  thermal  level  (50  °C).  The  hot  water  supply  temperature 
can  be  increased  coupling  a  GAHP  with  a  gas-fired  condensing  boiler: 
accordingly,  temperatures  can  increase  up  to  80  C,  suitable  for  DHW 
storages  or  peak  loads  coverage  on  a  limited  time  period.  GAHPs 
achieve  approximately  a  70-80%  energy  efficiency  ratio  operating  in 
cooling  mode;  similarly  to  GHP  systems,  DHW  is  generated  by  means 
of  the  condensing  heat  recovery.  In  addition,  in  virtue  of  GAHP  lower 
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Fig.  14.  Schematic  of  methane-fired  absorption  units  providing  space  heating,  refrigeration  with  heat  recovery  and  DHW. 


cooling  energy  efficiency  ratio,  potentially  recovered  condensing  heat 
is  higher  in  comparison  with  vapour-compression  GHP  systems  in 
cooling  mode. 

According  to  annual  primary  energy  consumptions  and  green¬ 
house  gas  emissions,  an  air-to-water  CAHP  is  proven  by  [95]  to  be 
one  of  the  most  effective  solution  for  a  hypothetical  100  m2  house 
located  in  a  variety  of  European  climates.  Nevertheless,  small 
sizes  unavailability  due  to  a  still  limited  diffusion  for  smaller 
applications  often  leads  to  oversize  the  GAHP  capacity  resulting  in 
higher  energy  consumptions  which  annul  the  effectiveness  of  this 
solution.  Accordingly,  on  the  residential  market  this  energy  system 
cannot  yet  be  considered  competitive  for  single-family  houses. 
Further  considerations  on  the  economic  viability  of  GAHPs  can  be 
found  on  [96],  where  the  energy  savings  obtained  for  different 
uses  by  absorption  heat  pumps  with  high  annual  utilisation  allow 
a  limited  pay-back  period  of  only  a  few  years.  The  overall  energy 
performance  of  a  GAHP  could  be  further  enhanced  through  the 
exploitation  of  multi-energy  sources  such  as  geothermal,  solar 
energy  and  heat  recovery,  as  demonstrated  by  field  tests  carried 
out  by  [97], 

However,  even  though  promising  from  a  theoretical  point  of 
view,  DHW  production  based  on  heat  recoveiy  should  be  in  all 
cases  carefully  evaluated  in  relation  to  the  operation  at  part  load, 
the  temporal  mismatch  between  cooling  load  and  DHW  load  and, 
more  generally,  the  effective  operation  in  mid-seasons.  In  light  of 
these  considerations,  a  complete  thermal  recovery  during  the 
summer  cannot  be  considered  feasible. 

3.5.  DHW  production  peculiarities 

With  regard  to  the  DHW  production,  heat  pump  water 
heaters,  as  shown  in  Fig.  15,  operate  on  an  electrically  driven 
vapour-compression  cycle  and  instead  of  using  gas  burners  or 
heating  coils,  they  exploit  the  outdoor  air  thermal  level  to  heat  the 
water  stored  within  a  tank  [98],  Being  equal  the  electric  input,  this 
solution  is  more  convenient  in  terms  of  heat  generated  comp¬ 
ared  to  standard  water  heaters  [99],  with  expected  energy 
savings  ranging  from  55%  to  70%  -  lowered  in  the  range  38-60% 
by  a  series  of  field  tests  [98,100],  However,  the  adoption  of 
a  heat  pump  water  heater  should  be  critically  evaluated.  The 
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Fig.  15.  Simplified  schematic  of  the  operation  of  a  heat  pump  DHW  water  heater. 

main  peculiarities  concerning  water  domestic  heating  and  their 
repercussions  on  DHW  production  by  means  of  heat  pumps  are 
the  followings: 

-  DHW  has  relatively  high  thermal  levels  (45-60  °C),  in  general 
exceeding  the  low-temperature  space  heating  thermal  levels 
(35-45  C)  suitable  for  heating  systems  coupled  to  heat  pumps; 

-  the  DHW  energy  demand  is  concentrated  in  time  but  constant 
throughout  the  year; 

-  for  ZEBs,  the  DHW  heating  load  is  more  than  double  in 
comparison  with  the  space  heating  load  (e.g.,  18  kW  load  for 
a  DHW  flow  rate  of  10  1/min  with  a  delta  temperature  between 
15  and  40  °C);  and 

-  for  ZEBs,  the  energy  demand  for  DHW  production  may  fre¬ 
quently  be  higher  than  energy  demand  for  space  heating. 


Consequently,  instantaneous  DHW  production  is  not  feasible 
when  heat  pumps  are  used  for  space  heating:  a  storage  volume  is 
firstly  necessary  to  level  the  DHW  load  allowing  a  continuous 
operation  and  appropriate  temperatures  for  both  use  side  (hydro- 
nic  circuit)  and  source  side  (heat  pump  condenser).  Furthermore, 
typically  at  around  0  C,  a  back-up  electric  resistance  is  needed  due 
to  the  limited  ambient  heat  availability  and  the  condenser  is 
submitted  to  defrost  cycles,  resulting  in  lower  coefficients  of 
performance  [98],  In  addition,  peculiarities  related  to  integration 
with  one  or  more  renewable  energy  source  -  a  key  aspect  which  is 
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Fig.  16.  Schematic  of  water  storage  and  DHW  instantaneous  heat  exchanger. 


mandatory  in  many  European  countries  -  should  be  also  taken 
into  account. 

There  are  basically  three  different  technologies  that  are  applied 
in  vapour  compression  heat  pumps  in  order  to  produce  high 
temperature  DHW: 

-  the  use  of  an  economiser  on  the  refrigeration  cycle; 

-  a  double-stage  vapour  compression  refrigeration  cycle  that 

works  with  two  fluids;  and 

-  the  use  of  a  desuperheater  on  the  refrigeration  cycle. 

In  the  first  case,  the  economiser  is  placed  between  the 
condenser  and  the  expansion  valve.  Part  of  the  liquid  that  exits 
the  condenser  is  spilled  and  undergoes  a  first  flash  evaporation 
through  an  expansion  valve,  refrigerated  up  to  the  temperature  of 
phase  change  corresponding  to  the  output  pressure  from  the  first 
stage  of  compression.  Subsequently,  the  refrigerant  enters  the 
economiser  where  it  evaporates  and  removes  heat  from  the  remain¬ 
ing  part  of  the  condenser  liquid  outlet,  and  goes  through  the  second 
stage  of  the  compressor.  This  approach,  widely  adopted  for  large 
capacity  scroll  and  centrifugal  chillers,  has  been  lately  adopted  also 
for  heat  pumps  that  are  used  to  produce  DHW.  The  economiser 
increases  the  COP  and  it  is  useful  for  heat  pumps  whose  condensa¬ 
tion  pressure  is  high  due  to  the  requirement  on  the  water  production 
side,  as  in  heat  pumps  for  DHW.  In  this  technology,  the  maximum 
water  side  temperature  that  can  be  reached  is  65  C  for  R410a 
refrigerant  and  67  °C  for  R134a  refrigerant. 

For  a  DHW  production  at  around  70  °C  it  is  necessary  to  adopt 
the  second  technology,  that  is  a  double-stage  compression  cycle. 
With  regard  to  the  refrigerants,  R410a,  or  sometimes  R404a,  is 
used  for  the  first  cycle  (production  of  space  heating  hot  water)  and 
R134a  is  used  for  the  second  high  temperature  cycle  (production 
of  domestic  hot  water). 

In  the  third  case,  the  desuperheater  is  placed  between  the 
compressor  and  the  condenser:  the  superheated  vapour  is  first 
cooled  into  the  desuperheater  to  produce  high  temperature  hot 
water,  then  condenses  into  the  condenser  to  produce  medium 
temperature  hot  water.  In  this  technology,  the  DHW  load  can  be  at 
maximum  25%  of  the  total  heating  load  and  can  only  operate 
simultaneously  with  the  space  heating  load. 

This  technology  is  therefore  preferable  when  the  high  tem¬ 
perature  DHW  heating  load  is  contemporary  with  the  medium 
temperature  heating  load  and  it  represents  a  small  portion  of  this 
last  one. 


For  what  concerns  the  plant  schemes,  there  are  at  least  three 
possible  configurations  [101]: 

-  DHW  storage  with  internal  coil  (water  heater); 

-  DHW  storage  with  external  plate  heat  exchanger;  and 

-  storage  of  “technical"  water  and  instantaneous  heat  exchanger 
for  DHW  production. 

Through  the  first  solution,  the  storage  volume  can  be  sized  for  the 
DHW  demand,  however  an  appropriate  storage  coil  has  to  be 
designed  in  relation  to  the  heat  pump  (with  larger  heat  exchange 
surfaces)  taking  adequate  precautions  to  avoid  legionella  prolifera¬ 
tion  (e.g.,  thermal  shock  with  programmable  electric  resistance). 

As  the  first,  the  second  solution  consists  of  a  storage  volume 
designed  on  the  DHW  demand,  but  the  external  heat  exchanger  is 
characterised  by  a  higher  efficiency:  it  does  not  activate  convective 
movements  within  the  storage  which  is  more  efficiently  dis¬ 
charged,  exploiting  the  piston  effect  provided  by  the  feed  of  cold 
water.  Reversely,  two  pumps  (primary  loop  and  storage  loop) 
operate  with  higher  electricity  consumptions  and,  again,  measures 
to  prevent  legionella  should  be  implemented. 

The  third  solution  (Fig.  16)  permits  to  instantaneously  produce 
DHW  using  a  flat  plate  heat  exchanger  placed  outside  the  storage 
which  is  filled  with  “technical  water”  and  there  is  no  problem  of 
the  legionella  proliferation.  Fig.  16  shows  a  DHW  production  unit 
equipped  with  a  modulating  pump  with  electronic  regulator 
providing  from  25  to  200  1/min  DHW  through  a  stainless  steel 
plate  exchanger,  with  electronic  reset  of  DHW  temperature, 
recirculation  temperature  and  operation  schedules.  However,  due 
to  a  larger  volume,  in  this  solution  the  storage  sizing  results  more 
problematic.  Indeed,  in  order  to  meet  a  use-side  of  45  °C  water 
target  temperature,  the  exchanger  is  fed  by  technical  water 
provided  at  an  adequately  higher  temperature,  such  as  47  °C, 
and  as  a  result  the  storage  would  be  theoretically  already  dis¬ 
charged  when  uniformly  at  47  °C.  Two  pumps  are  operative  also  in 
this  configuration:  with  high  DHW  loads,  this  is  no  convenient. 

In  Fig.  17  a  diagram  shows  the  performance  of  an  instantaneous 
DHW  water  heater  (heat  exchanger)  coupled  to  a  heat  pump, 
reporting  the  water  flow  rate  as  a  function  of  the  temperature  of 
the  technical  water  delivered  to  the  inlet  of  the  exchanger  (in 
abscissa)  and  utility  side  (Tin)  and  use  side  (Tout)  water  tempera¬ 
tures.  It  is  possible  to  observe  that,  in  correspondence  of  the  lower 
boundaries  of  the  operating  profile,  the  temperature  of  the  water 
flowing  within  the  technical  water  primary  circuit  should  be  at 
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Fig.  17.  Performance  of  an  instantaneous  heat  exchanger  for  DHW. 

least  1-2  °C  higher  than  the  target  DHW  temperature  and  that, 
with  the  same  AT  between  inlet  and  outlet  DHW  temperatures,  a 
higher  inlet  water  temperature  of  the  primary  circuit  is  necessary 
to  increment  DHW  flow  rate. 

A  wide  literature  is  available  on  heat  pump  water  heaters. 
An  air  source  heat  pump  water  heater,  composed  by  a  heat  pump, 
a  water  tank  and  connecting  pipes,  is  described  in  [102]:  thermal 
energy  is  absorbed  through  the  evaporator  and  transferred  to  the 
storage  tank;  water  is  heated  to  the  55  °C  set  point  temperature 
using  a  rotary  compressor.  In  view  of  being  adopted  in  zero  net 
energy  homes,  the  performance  of  a  heat  pump  water  heater  has 
been  compared  with  other  DHW  productions  systems  which 
exploit  renewable  energy  -  a  regular  electric  hot  water  tank;  the 
desuperheater  of  a  ground-source  heat  pump  with  electric 
backup;  thermal  solar  collectors  with  electric  backup:  the  latter 
resulted  the  most  effective  system  under  the  Montreal  and  Los 
Angeles  climates  [103],  Further  advancements  in  heat  pump  water 
heaters  are  expected,  researches  have  been  carried  out  on  inno¬ 
vative  configurations  such  as  instantaneous  water  heaters  which 
integrate  a  thermoelectric  heat  pump  with  separating  thermosi¬ 
phon  [100]  and  heat  pump  water  heaters  equipped  with  C02 
working  fluid  with  a  4.3  COP  (heating  tap  water  from  9  °C  to  60  °C 
at  an  evaporation  temperature  of  0  °C)  able  to  smoothly  produce 
up  to  90  °C  hot  water  [104], 


4.  Integrated  systems  for  space  heating,  electricity  and  DHW 

Cogeneration  (CHP)  is  the  simultaneous  production  of  thermal 
energy  and  electricity  exploiting  a  single  energy  source  such  as 
gas,  biomass  or  solar.  Combining  two  different  forms  of  energy 
in  one  process,  it  is  possible  to  overcome  the  efficiency  limits 
characteristics  of  separate  production  systems.  According  to  [105], 
conversion  efficiencies  rise  from  30%  to  35%  of  conventional  fossil 
fired  electricity  generation  systems  to  over  80%  of  cogeneration 
systems.  Therefore,  despite  a  higher  fuel  consumption  is  necessary 
to  combine  heat  and  power  production,  the  same  amount  of 
energy  potentially  obtained  by  separate  systems  can  be  produced 
with  less  fuel,  and  the  effectiveness  of  this  system  is  maximised 
relying  on  renewable  energy  sources  [106],  Accordingly,  particu¬ 
larly  in  the  United  States,  Japan  and  Europe,  an  increasing  atten¬ 
tion  is  being  directed  towards  the  adoption  of  small  size 
cogeneration  systems  also  within  the  residential  sector  [107],  A 
thorough  overview  on  microcogenerators  fired  with  natural  gas 
can  be  found  in  [108],  Currently,  internal  combustion  engine  based 
CHP  systems  is  the  most  viable  system  for  residential  applications 
[109],  however  emerging  micro-turbines,  Stirling  engines  and 


Dish/Stirling  solar  technologies  have  the  potential  for  being 
successful  in  the  near  future. 


4.3.  Internal  combustion  engine  based  CHP 

Cogeneration  systems  driven  by  an  internal  combustion  engine 
can  rely  on  a  consolidated  technology  and  a  variety  of  energy 
sources  [110],  A  typical  configuration  comprises  an  engine  which 
activates  a  generator  -  whilst  Diesel  engines  generally  run  on 
larger  plants,  spark  ignition  (Otto)  engines  fired  with  natural  gas 
are  usually  tailored  for  smaller  sizes  [105]  -  the  controls  and  an 
exhaust  and  heat  recovery  system  providing  useful  heat  from  the 
exhaust  and  cooling  systems  [111-113],  Condensing  heat  exchan¬ 
gers  can  be  used  for  latent  heat  recovery.  Due  to  their  limited  size, 
systems  based  on  traditional  internal  combustion  engines  pow¬ 
ered  by  gas  are  necessarily  characterised  by  relatively  low 
electrical  efficiencies,  from  20%  to  30%,  and  thermal  efficiencies 
between  60%  and  70%.  The  economic  feasibility  of  these  systems 
depends  on  correct  sizing,  running  hours  throughout  the  year  and 
considered  feed-in  tariff  for  feeding  energy  into  the  grid;  an  up-to- 
date  review  of  different  feasibility  evaluations  can  be  found  on 
[114]. 

Fig.  18  shows  an  integrated  system  for  space  heating,  DHW  and 
electricity  production  serving  a  multi-family  residential  building: 
the  cogenerator  is  equipped  with  an  inertial  thermal  energy  water 
storage,  integrated  by  modular  wall-mounted  boilers  and  use-side 
heat  metering.  The  cogenerator,  which  can  be  powered  by  natural 
gas,  propane,  gasoil  or  biodiesel,  can  be  equipped  with  an  addi¬ 
tional  heat  exchanger  for  condensing  exhaust  gases.  This  system 
allows  to  fully  exploit  the  potentialities  of  the  condensation 
process  lowering  to  35  °C  the  hot  water  return  temperature, 
reaching  global  efficiencies  (that  is  efficiency  which  includes  both 
electric  and  thermal  ratios),  near  to  the  unit. 


4.2.  Stirling  engine  based  CHP 

New  microcogenerators  launched  for  the  residential  market  by 
several  manufacturers  are  based  on  external  combustion  engines 
operating  according  to  the  Stirling  cycle,  which  ideally  resembles 
the  Carnot  cycle  [  115],  Through  a  succession  of  adiabatic  and 
isothermal  processes,  thermal  energy  is  converted  to  mechanical 
energy  used  to  power  a  generator  and  produce  electricity.  Waste 
heat  from  the  engine  is  exhausted  to  the  atmosphere  through  a 
cooling  system  driven  by  a  parasitic  power  consumption.  The 
adoption  of  Stirling  engines  has  recently  grown  with  the  launch  of 
the  free  piston  technology  [116,117].  Different  Stirling  engine 
based  units  have  been  introduced  on  the  small  scale  (e.g.,  1  kW 
of  power),  with  electrical  efficiencies  in  the  order  of  12-16%  [118]; 
Stirling  engines  below  20  kW  are  expected  to  operate  from  5000 
to  8000  running  hours  without  significant  mechanical  mainte¬ 
nance  [105].  These  devices,  installed  indoor  and  close  to  living 
spaces,  similar  to  the  traditional  gas  boilers  or  built-in  household 
appliances,  present  the  high  efficiency  proper  of  the  Stirling 
thermodynamic  cycle  (the  working  fluids:  air,  azote,  helium  or 
hydrogen),  are  quietly  running  with  up  to  20%  modulation  ratios 
and,  in  virtue  of  the  external  combustion,  are  safe  due  to  less 
emissions  and  have  the  possibility  of  being  fed  by  high  tempera¬ 
ture  thermal  wastes.  On  the  energy  flow  diagram  reported  in 
Fig.  19,  1  kW  electricity  production  and  cogenerated  heat  with  a 
7  kW  natural  gas  supply  is  shown  -  however,  according  to  the  use 
side  energy  demand,  it  is  possible  to  provide  a  supplementary 
thermal  load  by  means  of  an  auxiliary  burner. 
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Fig.  18.  Schematic  of  an  integrated  energy  system  providing  space  heating,  DHW  and  electricity  in  a  multi-family  residential  building. 
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Fig.  19.  Flow  diagram  for  a  Stirling  engine  microcogenerator-boiler  system. 


4.3.  Dish  Stirling  solar  based  cogeneration  system 

Cogeneration  convenience  over  separate  electric  and  thermal 
production  systems  is  maximised  using  renewable  energy 
sources  for  on-site  coverage  of  the  energy  demand  whilst 
delivering  the  energy  surplus  produced  to  the  utility  [106].  As 
proven  by  a  growing  literature  on  this  subject,  efforts  were 
directed  on  developing  and  refining  solar  energy  based  cogen¬ 
eration  technologies,  in  particular  in  geographical  areas  afflicted 
by  water  scarcity.  Cogeneration  solar  thermal  power  plants, 
using  point-focusing  solar  receivers  equipped  with  a  tracking 
system,  represent  a  system  potentially  well-suited  to  meet  the 
energy  demand  of  small  communities  (e.g.,  100  l<Wei/700  kWth 
capacities)  [119,120], 


On  a  smaller  scale,  one  of  the  most  renowned  technologies 
based  on  solar  concentration  (tracing  back  to  the  1800  s),  is  the 
Dish/Stirling  thermodynamic  cogeneration  system,  which  provides 
thermal  energy  (for  space  heating  and  DHW)  and  electricity  in  AC 
-  no  power  inverter  is  needed  to  feed  the  electric-utility  grid  - 
covering  up  to  3  l<Wth  and  1  l<Wei  peaks.  In  particular,  converting 
solar  energy  directly  into  useful  power  for  grid  connexion  and 
occupant  use  is  strategic  in  order  to  reduce  costs  and  improve  the 
system  reliability  [121], 

A  Dish/Stirling  cogeneration  system  comprises  a  concen¬ 
trator  (dish),  a  receiver,  a  Stirling  engine  and  ancillary  equip¬ 
ment  (controls,  cooling  and  storage  system).  The  solar  dish 
collector  -  a  paraboloid  of  revolution  with  reflective  coating  - 
tracks  the  sun  conveying  the  incoming  direct  insolation  to  a 
central  focus  point;  the  receiver  stores  the  energy  which 
activates  the  Stirling  cycle  by  heating  a  high-pressure  working 
fluid  such  as  helium  or  hydrogen.  Solar-dish  tracking  and 
engine  operation  is  coordinated  by  controllers  placed  on  the 
concentrator;  furthermore,  sensors  that  monitor  specific 
boundary  conditions  such  as  wind  speed  or  precipitations, 
allow  to  “close”  on  itself  the  whole  system  in  a  security 
position.  An  energy  optimisation  technique  to  investigate  the 
optimal  performance  of  a  focusing  collector-driven  can  be 
found  in  [122].  Considering  a  solar  radiation  in  the  order  of 
1600  kWh/m2,  thermal  and  electrical  efficiencies  amount 
respectively  to  roughly  40%  and  13%,  for  an  overall  conversion 
efficiency  close  to  50%  [123], 

Dish/Stirling  engine  systems  offer  plenty  of  potential  for  further 
exploitation  of  solar  energy.  Modular  design,  ease  of  disassembly, 
quiet  running  and  low  emissions  weigh  up  a  strong  visual  impact, 
high  investment  costs  and  still  a  lack  of  operation  data. 

4.4.  Microturbine  based  CHP 

Since  the  1950s  large  and  medium-scale  gas-fired  turbines 
have  been  used  to  produce  electricity;  recently,  technological 
innovation  led  to  the  introduction  of  smaller  size  turbines  known 
as  micro-turbines  [124],  Micro  CHP  turbine  systems  allow  to 
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recover  excess  thermal  energy  for  space  and  domestic  water 
heating.  A  compressor  operates  on  the  outside  air,  which  is  thus 
preheated  in  a  heat  exchanger  and  further  integrated  within  a 
combustion  chamber  fired  with  natural  gas  -  or,  alternatively, 
liquefied  petroleum  gas,  biogas,  propane,  gasoil  or  kerosene  (in 
particular,  biogas  recovered  from  animal  waste  can  be  used  with  a 
view  to  minimising  natural  resource  consumption).  Exhaust  gases 
are  then  expanded  through  the  microturbine  and  used  to  preheat 
the  air  from  the  compressor  before  being  introduced  in  the 
combustion  chamber.  Finally,  a  quota  of  the  thermal  energy  from 
the  exhaust  gases  is  transferred  to  the  working  fluid  operative  in 
the  heat  exchanger  for  heat  recovery  [125],  Systems  operating 
with  heat  recovery  at  full  loads  can  combine  40-50%  thermal 
efficiencies  with  around  30%  electrical  efficiency  ratios,  reaching 
global  cogeneration  efficiencies  close  to  80%.  Below  full  loads, 
thermal  efficiencies  increase  while  electrical  efficiencies  show  a 
downward  trend. 

Research  converged  mostly  in  analysing  30-100  kW  generators 
[126],  however  also  smaller  generators  -  in  the  range  2-5  kW  -  have 
been  investigated  [127]  in  virtue  of  benefits  such  as  limited  emissions 
in  contrast  with  conventional  power  plants  [128,129],  high  energy 
efficiency  ratios,  light-weight  and  expected  lifespan  -  about  45,000  h 
[130],  Due  to  their  small  capacities,  microturbines  allow  to  dispose 
off  onsite  electricity  close  to  the  point  of  use  reducing  dependence  on 
electrical  energy  from  the  grid  [124]  and  appear  particularly  well- 
suited  as  local  electricity  generators  integrated  into  microgrids  [126], 
An  insight  into  the  state-of-the-art  of  this  technology  is  available  in 
[131,132]  and  in  [130]  with  an  emphasis  on  barriers  and  possible 
advancements  in  hybrid  systems  integrating  microturbines.  Hybridi¬ 
sation  of  turbines  with  other  technologies  such  as  solid  oxide  fuel 
cells  [133]  appears  promising  with  a  view  to  reaching  higher  energy 
conversion  efficiencies. 

However,  even  though  significant  upgrades  over  the  last  years 
enhanced  microturbines  technology,  their  adoption  in  residential 
buildings  is  currently  quite  uncommon  since  relatively  recent. 


5.  Integrated  systems  for  ventilation,  space  heating,  cooling 
and  DHW 

The  preponderant  quota  of  a  ZEB  energy  demand  for  air 
conditioning  is  attributed  to  the  ventilation;  therefore,  instead  of 
relying  on  natural  ventilation  which  is  strongly  influenced  by 
the  occupant  behaviour,  an  energy  system  for  a  ZEB  ought  to  be 
equipped  with  a  mechanical  ventilation  (MV)  system  in  order  to 
control  the  ventilation  flow  rate  and  especially  to  recover  the 
ventilation  heat  losses.  This  aspect  is  strategic  since  it  allows 
residential  buildings  to  reach  higher  energy  performances.  At  the 
same  time,  mechanical  ventilation  systems  represent  an  effective 
means  of  controlling  indoor  pollutants  concentrations  and  pre¬ 
venting  indoor  air  quality  deterioration  [134],  Recently,  there  has 
been  a  spread  of  technologies  for  the  mechanical  ventilation  (heat 
recovery,  heating,  cooling  and  dehumidification),  which  are 
emblematic  of  the  on-going  shift  towards  integrated  systems,  in 
particular  within  the  high  performing  buildings. 

Energy-efficient  technologies  for  thermal  energy  recovery  play  a 
central  role  in  reducing  the  overall  building  energy  demand.  Heat 
recovery  from  ventilation  air  is  the  most  influent  factor  decreasing  the 
ventilation  energy  demand  of  a  mechanical  ventilated  building  [135], 
which  can  increase  up  to  50%  of  the  household  electrical  consump¬ 
tions  [136],  In  comparison  with  a  traditional  exhaust  ventilation 
system,  a  heat  recovery  system  with  80%  recovery  efficiency  has  been 
proven  to  perform  up  to  67%  global  energy  savings,  decreased  to  41% 
for  a  60%  energy  efficient  heat  recovery  system  [137],  A  literature 
review  on  heat  recovery  systems  integrated  with  mechanical  ventila¬ 
tion  is  available  in  [138], 


5.3.  MV  units 

Integrated  systems  for  MV  can  be  distinguished  between 
decentralised  and  centralised  units. 

The  first  one  consists  of  wall,  ceiling  or  window-systems  connect¬ 
ing  the  indoor  and  outdoor  environments  (for  example  through  a  hole 
in  the  wall),  and  are  placed  in  each  thermal  zone.  A  decentralised  air 
handling  terminal  placed  in  correspondence  of  the  external  wall  to 
provide  “on  demand”  ventilation  in  each  room  is  described  in  [139], 
Decentralised  units  can  also  be  integrated  on  the  window  frame.  These 
units  operate  with  15-30  m3/h  to  400  m3/h  air  flow  rates  and  are 
equipped  with  static  or  enthalpy  heat  exchangers.  A  model  to  assess 
the  efficiency  of  decentralised  units  with  supply  and  exhaust  fans  and 
heat  exchanger  can  be  found  in  [140], 

Decentralised  system  with  heat  recovery  can  be  adopted  also 
for  building  retrofitting.  However,  even  though  high  energy  sav¬ 
ings  can  be  obtained,  the  integration  of  a  MV  system  within  an 
existing  building  not  originally  conceived  for  this  purpose  is 
problematic,  and  noise  generation  and  negative  pressure  within 
the  apartments  (often  a  consequence  of  a  low-quality  design)  are 
the  main  potential  drawbacks  of  this  solution  [141], 

Concerning  the  centralised  configuration,  a  dual  duct  ventila¬ 
tion  system  is  placed  along  all  the  buildings,  with  a  central  unit 
providing  heat  recovery,  heating  and  optional  cooling.  Ducts  can 
be  flexible  or  rigid  and  ceiling  mounted  or  floor  embedded, 
depending  on  the  building  construction  type.  The  ventilation  unit 
can  be  installed  on  ceiling,  in  the  bathroom  or  next  to  the  kitchen 
hood  (however  in  some  countries  like  Italy,  exhaust  ventilation  air 
cannot  be  mixed  with  exhaust  gases  from  gas  cookers  [142]). 

The  air  handling  unit  can  be  provided  with  a  flat  plate  static, 
rotatory  or  thermodynamic  heat  exchanger  for  heat  recovery.  The 
parameter  used  for  rating  the  heat  transfer  effectiveness  between 
inlet  and  outlet  air  is  the  efficiency. 

The  parameter  used  to  assess  the  fan  efficiency  is  referred  to  as 
specific  power  input  (SPI),  the  ratio  of  the  effective  power  input 
and  air  flow  rate  in  watt  per  cubic  metre  of  air  volume  flow  in  one 
operating  hour.  It  is  fixed  to  0.35  W/m3h  for  balanced  ventilation 
units  and  0.23  W/m3h  for  unidirectional  ventilation  units  by  the 
draft  of  the  European  regulation  on  ventilation  units  [143];  an 
insight  into  the  repercussions  of  the  Ecodesign  European  Directive 
[144]  on  residential  ventilation  units  is  carried  out  in  [145], 

Compared  to  a  static  one,  a  rotatory  heat  exchanger  provides 
higher  heat  recovery  and  partly  humidifies  the  inlet  air  during 
winter  (avoiding  indoor  air  to  get  too  dry);  in  rigorous  climates 
freezing  is  prevented  by  reducing  the  air  flow  rate  in  response  to 
cold  outdoor  air  and  high  indoor  relative  humidity. 

Often,  also  the  air  handling  units  are  provided  with  a  supple¬ 
mentary  electric  resistance  for  post-heating  in  winter  conditions 
and  with  a  heat  exchanger  bypass  useful  to  avoid  air  heating  in 
summer  conditions. 

A  water  coil  can  also  be  installed  on  the  primary  air  duct  (0  100- 
400)  to  cool  (or  heat)  the  inlet  air.  This  two  pipe  coil  is  placed  after  the 
heat  exchanger  and  provides  air  dehumidification  and  cooling  in 
summer  (fed  by  chilled  water)  or  air  heating  in  winter  (fed  by  hot 
water)  when  the  heat  exchanger  and  the  electric  resistance  heater 
within  the  ventilation  units  are  not  enough  to  cover  the  heating 
demand.  In  cooling  mode,  this  solution  may  be  necessary  for  air 
dehumidification,  allowing  the  operation  of  radiant  panels  and  redu¬ 
cing  the  air  temperature,  guaranteeing  a  correct  air  supply  within  the 
zones.  In  order  to  regulate  the  supply  air  temperature,  the  coil  is 
equipped  with  controllers,  sensors,  actuators  and  protection  valves. 

5.2.  Thermodynamic  heat  recovery  unit 

Thermodynamic-based  heat  recovery  ventilation  units  appear 
suitable  for  the  residential  market.  Relatively  recent, 
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Fig.  20.  Centralised  ventilation  unit  with  thermodynamic  heat  recovery  and  operating  characteristic. 


thermodynamic  heat  recovery  units  operate  between  inlet  and 
exhaust  air  as  pictured  in  Fig.  20,  where  also  the  operating  char¬ 
acteristics  are  provided.  Since  heat  transfer  is  higher  in  comparison 
with  the  heat  flux  treated  by  the  static  or  rotatory  heat  exchanger, 
they  also  allow  to  partly  cover  the  space  heating  load.  A  micro  heat 
pump,  usually  equipped  with  scroll  compressor  and  with  R-410A 
refrigerant,  works  between  the  two  coils:  in  winter  mode,  a  coil  is 
condensing  in  the  outside  air  flow,  preventively  filtered,  and  the 
other  coil  is  evaporating  in  the  exhaust  air  (the  reverse  cycle  in 
Summer  mode).  The  parameter  used  to  assess  the  heat  transfer 
efficiency  between  outlet  and  inlet  air  is  actually  the  air-to-air  micro 
heat  pump  COP  (EER  in  cooling  mode). 

In  mid-seasons,  the  system  operates  in  free-cooling  mode.  Above 
the  temperature  where  the  outside  air  temperature  matches  the  set 
point  temperature,  and  up  to  the  temperature  where  air  cooling  is 
required,  the  unit  is  set  in  free-cooling  mode  (or,  more  appropriately, 
works  as  a  mere  fan,  without  operating  the  heat  pump);  when  the 
outside  air  temperature  rises,  the  supply  air  temperature  is  reduced. 
Under  heating  conditions,  the  supply  air  temperature  rises  with  higher 
outside  air  temperatures,  in  virtue  of  a  greater  heat  exchange  between 
the  two  air  flows,  until  the  compressor  is  set  on  an  on/off  operating 
schedule  to  prevent  excessive  inlet  air  overheating.  The  air  flow  rates 
are  typically  fixed  and  well-balanced;  otherwise,  below  -  5  °C  and 
above  30  DC  outside  air  temperatures,  the  unit  operation  becomes 
problematic  (the  former  since  the  source  temperature  is  too  low,  the 
latter  for  a  limited  dehumidification  capacity)  and  air  flows  need  to  be 
modulated  to  run  with  an  inlet  temperature  below  the  set  point  in  the 
cold  zone  and  with  less  dehumidification  in  the  warm  zone. 

More  generally,  according  to  Bo  et  al.  [146],  thermodynamic  heat 
exchangers  allow  also  the  heating  and  cooling  capacities  of  the  energy 
system  to  be  reduced  (and  sometimes  their  absence,  as  in  a  Passiv- 
haus),  the  hydronic  circuit  impact  to  be  reduced  and  hot/chilled  water 
to  be  produced  at  more  convenient  low  thermal  levels. 

Lastly,  it  is  worth  noting  that  these  ventilation  units  are  entirely 
fed  by  electricity,  consequently  connexions  and  system  operation 
are  simplified. 

5.3.  Compact  HVAC 

What  appears  a  logical  consequence  of  the  centralised  ventilation 
units  is  the  compact  HVAC  for  Passivhouses,  designed  by  the  Freiburg 
Fraunhofer  Institute  [147]  and  currently  adopted  in  different  versions 
by  several  manufacturers.  The  Passivhaus  Programme  exploits  low 
capacity  compact  HVAC  units  to  cover  a  limited  space  heating 
demand,  below  15  kWh/(m2  year)  [148],  The  Passivhaus  Planning 
Package  software  [149]  reports  the  expected  ventilation  rates  - 
lowered  under  winter  conditions  in  order  to  provide  a  suitable 
internal  humidity  [150,151]  -  which  should  be  monitored  during 
occupancy  to  avoid  potential  deviations  from  the  benchmark. 

Fig.  21  provides  a  working  schematic  of  a  compact  HVAC,  which 
supplies  ventilation  and  DHW  production  (in  a  ZEB,  at  least  in  the 
building  living  spaces,  it  can  also  cover  the  energy  demand  for 
space  heating).  After  flowing  in  an  optional  subsoil  heat  exchanger, 


fresh  air  circulates  within  an  air-to-air  flat  plate  heat  exchanger 
and  is  provided  to  the  thermal  zones.  Meanwhile,  return-air 
exchanges  heat  with  the  supply  air  and  is  then  exhausted.  A  micro 
heat  pump  operates  between  supply  and  exhaust  air  flows  for 
possible  supply  air  post-heating,  in  analogy  with  a  thermodynamic 
heat  exchanger.  In  particular,  the  heat  pump,  evaporating  in  the 
exhaust  air  -whose  temperature  under  winter  conditions  would 
be  favourably  higher  than  the  outside  air  temperature  -  is 
equipped  with  two  condensers,  a  DX  coil  on  the  supply  air  and  a 
heat  exchanger  placed  within  the  DHW  thermal  storage,  with 
optional  solar  thermal  integration  and  electrical  resistance  for 
back  up  heating.  The  main  strength  of  this  system  is  its  packaged 
configuration,  where  air  is  exploited  both  as  heating  fluid  and  heat 
pump  thermal  energy  source. 

Different  configurations  of  compact  HVAC  are  currently  avail¬ 
able  in  the  market.  Fig.  22  shows  a  system  that  instead  of  using  a 
supply  air-DX  coil  of  a  heat  pump,  adopts  a  double  coil  heat 
exchanger  working  with  an  intermediate  fluid  which  draws  off 
heat  from  the  hot  water  storage  to  integrate,  if  necessary,  the 
supply  air  temperature. 

A  further  compact  HVAC  system  combines  an  exhaust  air/water 
heat  pump  with  a  system  for  domestic  ventilation  with  heat  recovery 
higher  than  80%,  DHW  production  (with  250  1  storage  capacity)  and 
optional  solar  integration  (Fig.  23).  This  system  is  already  equipped 
with  apposite  connexions  for  hydraulic  heating  systems,  resulting 
tailored  for  hydronic  circuits:  the  heating  capacity  amounts  to 
7.3  kW,  in  addition  to  2.3  kW  at  the  “air  side”.  The  ventilation  unit 
operates  with  an  air  volume  flow  from  20  to  70  1/s,  and  the  latent 
heat  from  the  filtered  extract  air  removed  from  bathrooms  and 
kitchens  is  used  to  heat  domestic  water  or  the  incoming  air  supply.  A 
control  unit  coordinates  the  operation  of  the  compact  system 
according  to  different  boundary  conditions;  furthermore,  peak  loads 
can  be  covered  by  a  backup  electric  heater  rod  operating  as  second 
heat  source  at  three  different  stages  (2-4-6  kW). 

In  analogy  with  the  compact  HVAC  for  Passivhouses  principle,  but 
considered  as  a  stand-alone  system,  thermodynamic  heat  recovery  can 
be  earned  out  on  the  exhaust  ventilation  air.  This  system  consists  of  a 
heat  pump  operative  between  the  exhaust  air  (coil  at  the  top  of  the 
storage)  and  an  appropriate  DHW  storage  (coil  at  the  bottom  of  the 
storage).  The  appliance  is  equipped  with  a  200 1  volume  and  reaches  a 
2.5  COP  when  water  is  heated  from  15  °C  to  50  °C  with  200  m3/h  air 
flow  rate  and  15  °C  air  temperature.  The  correct  air  flows  balance  is 
the  main  drawback  of  this  system. 


6.  Discussion 

Set  against  the  requirements  of  the  EPBD  recast,  integrated 
systems  currently  mark  a  strong  step  forward  into  next  targets  in 
energy  savings  for  the  transition  to  nNZEB  in  Europe  by  2020. 
Increasing  interest  is  thus  being  addressed  to  multi  energy 
systems  for  space  heating,  cooling,  ventilation,  air  conditioning 
and  DHW  production.  Understanding  the  various  peculiarities  of 
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Fig.  21.  Schematic  of  a  compact  HVAC  for  Passivhaus  equipped  with  a  supply  air-DX  coil. 
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Fig.  22.  Schematic  of  a  compact  HVAC  for  Passivhaus  equipped  with  a  double  heat  exchange  coil. 
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such  systems  is  necessary  in  order  to  perform  a  correct  design  and 
operation  and  to  promote  the  theoretical  and  practical  develop¬ 
ment  of  these  systems. 

The  integrated  energy  systems  reviewed  in  this  manuscript  are 
distinguished  by  a  variety  of  characteristics  which  influence  their 
suitability  for  particular  applications,  context  or  situations.  Table  2 
compares  the  energy  systems  investigated  according  to  the  energy 
source  exploited  (solar,  gas,  biomass,  grid  electricity),  the  energy 
use  served  (space  heating  &  cooling,  DHW,  plug  loads  &  lighting, 
ventilation  &  air  handling),  capacities  and  efficiencies,  strengths 
and  advantages,  weaknesses  and  drawbacks. 

Overcoming  the  intrinsic  limits  characteristic  of  separate  pro¬ 
duction  energy  systems  -  taken  separately,  the  room  for  further 


performance  improvement  is  limited  -  is  the  rationale  behind  the 
integrated  set-up  condensing  boiler-heat  pump.  Small  size  con¬ 
densing  gas  boilers  are  characterised  by  a  high  thermal  output, 
above  the  unit,  optimal  for  low-temperature  space  heating,  but 
rely  on  fossil  fuel  consumption.  Reversible  heat  pumps  are  best 
suited  for  balanced  heating  and  cooling  loads  coverage,  since  a 
high  indoor-outdoor  AT  significantly  increases  the  external  energy 
quota  required  to  reverse  spontaneous  heat  flow.  The  coupling 
with  a  small-size  boiler  activated  above  a  specific  threshold 
temperature  where  heat  pump  is  no  more  convenient  addresses 
this  problematic  maximising  the  total  energy  efficiency  of  the 
system.  In  solar-rich  countries,  a  solar  thermal  integration  is 
desirable  since  both  technologies  can  be  easily  attached  to  a  solar 
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Table  2 

Peculiarities,  strengths,  advantages,  weaknesses  and  drawbacks  of  the  integrated  production  systems  under  review. 


Energy  Energy  Energy  output  Heating/Cooling/  Design 

system  input  Electricity  Efficiency 

Capacity 


Small  size  gas  Gas,  Space  heating,  Up  to  24  kW  >  1.00 

boiler  (solar)  DHW 


Strengths  and  advantages 


Weaknesses  and  drawbacks 


Low-temperature  space  heating  (e.g., 
in-floor  radiant  panels) 

Optimal  performances  at  low  return 
temperatures  [15] 

Minor  ecological  footprint  in  terms  of 
internal  and  external  costs  compared 
to  biomass-based  energy  systems  [18] 
Instantaneous  DHW  production  or 
through  integrated  storage  volume 
(from  50  1) 

Integration  with  solar  thermal 


Non-renewable  energy  source 
High-temperature  space  heating  (e.g., 
radiators) 

Variation  of  the  performance 
according  to  the  load  pattern  [19] 


Firewood  Biomass  Space  heating,  15-60  kW 
boiler  DHW 

based 
system 


firewood 

-  Mismatch  between  real  and 
theoretical  supply  air  volume  -  air 
excess  volume  should  be  accurately 
sized  [21] 

-  Thermal  energy  storage  tanks 
connected  to  the  central  heating 
system  might  be  needed  to  prevent 
overheating  [23] 


0.92-0.95  -  Carbon  neutral  [20] 

-  Lower  nitrogen  oxide  and  sulphur 
dioxides  emissions  compared  to  oil  or 
coal  combustion  [21  ] 

-  High  combustion  temperature 
maintained  during  the  entire  burning 
process  [22] 


Manual  feeding 

Incomplete  combustion  of  organic 
material  can  be  reduced  but  not 
eliminated 

Unstable  burning  process,  variable 
emission  factors  [24] 

High  moisture  content  of  the 


Pellet  boiler  Biomass,  Space  heating,  2.9-26  kW  0.92 

(solar)  DHW 


-  Moisture  content  two  times  lower 
than  firewood  (less  drying  required) 

[25] 

-  Steady  emission  factors  [24] 

-  Facilitated  storage  and  operations 
(automatic  feeding)  [26] 

-  Low  GHGE  [26] 

-  Integration  with  solar  thermal  [36]: 
25%  reduction  in  pellet  consumption 
and  44%  reduction  in  CO  emissions 

[37] 


-  Pollutants  from  pellet  combustion, 
including  CO  and  CxHy  [28],  dust  [29], 
[30],  SOx,  NOx  [31], [32]  and  PM  [34] 

-  Lower  efficiencies  and  higher 
emissions  at  reduced  loads  [33] 

-  Unsustainable  pressure  for  biomass 
provision  might  bring  to  woodland 
degradation  especially  in  developing 
countries  [35] 


Pellet  room  Biomass,  Space  heating,  1.5-12  kW  0.80-0.90 

heater  (solar)  DHW 


-  Maintenance  of  high  combustion 
temperatures  and  maximisation  of 
turbulent  gaseous  mixing  [40] 

-  Operations  can  be  regulated  remotely 
by  means  of  dedicated  apps 

-  Integration  with  water  heat 
exchangers  for  in-floor  radiant 
heating  or  DHW  production 

-  Integration  with  solar  thermal 

-  Integration  with  back  boilers 

-  Reduction  of  particulate  emission 
with  optimised  condensing  heat 
exchangers  [44] 


-  Dust  is  linked  to  PM  and  polycyclic 
aromatic  hydrocarbons  emissions  [41  ] 

-  Steady  state-based  standard 
measurements  can  significantly 
diverge  from  emissions  under  real 
operations  [42] 

-  High  noise  levels  in  living  spaces 

-  Frequent  cleaning  for  ash  removal 

-  Relief  valves  should  be  installed  in 
hydronic  set-up  to  prevent  risks  of 
explosions 


Slow  heat  Biomass,  Space  heating,  1.6  kW  (mean  0.83-0.86 

release  (solar)  DHW  output  over  10  h) 

stove 


-  Low  direct  heat  output  prevents  space 
overheating 

-  Thermal  storage  capacity  stabilises 
ambient  temperatures  for  several 
hours  after  combustion  [45] 

-  Top  wood  burning  minimises 
emissions 

-  Low  surface  temperature  of  the  stove 
reduces  dust  circulation 

-  Salt  hydrate  based  thermal  storage 
further  extends  the  slow  heat  release 

-  Integration  with  water  heat 
exchangers  for  space  heating  - 
chimney  outlets  and  additional 
heating  systems  not  needed 


-  Natural  stone  storages  need  a 
relatively  high  mass  and  volume 

-  Stored  heat  might  be  undesirable  in 
case  of  sudden  meteorological 
changes  leading  to  overheating 

-  Relief  valves  should  be  installed  in 
hydronic  set-up  to  prevent  risks  of 
explosions 

-  Low  efficiency  of  the  prefabricated 
double-walled  heat  storages  [46] 

-  Experience-based,  lack  of  theoretical 
studies  [46] 
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Table  2  ( continued ) 


Energy  Energy  Energy  output  Heating/Cooling/  Design  Strengths  and  advantages  Weaknesses  and  drawbacks 

system  input  Electricity  Efficiency 

Capacity 


SAHP  Electricity  Space  heating,  8-16  kW 

from  grid,  DHW,  (space 
solar  cooling) 


3.9-42  COP 
(35  °C  water 
supply 

temperature) 
420-4.50 
EER  (18  °C 
water  supply 
temperature) 


-  Substantial  body  of  literature  on  SAHP 
modelling,  designing  and  testing  e.g., 

[13,51-53] 

-  Appropriate  for  detached  houses 

-  Maximisation  of  renewable  energy 
exploitation 

-  Variety  of  available  technologies 

-  Evaporator-collector  efficiencies  are 
higher  than  the  one  of  conventional 
collectors  [50] 

-  Potentially  closed  cycle  if  electricity  is 
provided  by  PV 


-  Centralised  storage  and  integrations 
are  needed  in  multi-family  residential 
buildings 

-  Balanced  distribution  of  the  heating 
and  cooling  loads  is  needed  over  the 
year  (i.e.  not  suitable  for  excessively 
warm/cold  climates)  [56] 


Condensing  Electricity  Space  heating,  3.3-33  kW 
boiler-heat  from  grid,  DHW,  (space  condensing 
pump  solar,  gas  cooling)  boiler;  6-8  kW 

heat  pump 


Up  to  1.27 


-  Upgrading  of  the  heat  pump 
performances  [54]  (respective 
benefits  combined  in  one  energy 
system) 

-  Maximisation  of  the  energy  system 
total  efficiency 

-  Flexibility:  peak  loads  can  be  covered 
by  the  condensing  boiler  above  the 
cut-off  temperature;  integrated  or 
separate  set-up;  different  heat  pumps 
types  are  suitable  (also  absorption 
heat  pumps) 

-  Potentially  closed  cycle  if  integrated 
with  PV 


-  Complex  integrated  design 

-  Balanced  distribution  of  the  heating/ 
cooling  loads  needed  over  the  year  (i. 
e.  not  suitable  for  excessively  warm/ 
cold  climates)  [56] 


Zeolite  based  Gas,  Space  heating,  10-15  kW  Up  to  1.28 

integrated  (solar)  DHW 
system 


-  Complementarity  with  heat  pump 
cycles,  high  thermal  storage  capacity 
over  a  multitude  of  adsorption/ 
desorption  phases  [59] 

-  Non-toxic  and  non-flammable 

-  Suitable  for  low-temperature  space 
heating 

-  Economic  competitiveness  [64], 
effective  operation,  extended 
operating  life,  quiet  running,  lack  of 
hazardous  materials  and  moving  parts 

[65] 

-  Integration  with  solar  thermal 


-  A  niche  technology 

-  Heat  and  mass  transfer  problems, 
leakages,  relatively  low  COP  [65,66] 


Multi-energy  Gas,  Space  heating,  18-30  kW  0.975 

storage  (solar)  DHW 


-  Currently  seasonal  thermal  storage  in 
the  form  of  sensible  heat  is  more 
viable  than  in  the  form  of  latent  heat 

[73] 

-  Provision  of  hot  water  at  different 
thermal  levels 

-  Integration  with  solar  thermal 

-  Legionella  can  be  prevented  by 
running  DHW  in  a  dedicated  pipe 
system  within  a  thermal  energy 
storage 

-  Unpressurised  and  direct  drain-back 
solar  thermal  systems  may  avoid 
antifreeze  agents  (but  specific  design 
conditions  should  be  met) 


-  Complex  design  -  effective  thermal 
stratification  in  the  storage  medium  is 
needed  to  improve  heat  transfer 
when  the  storage  is  charged/ 
discharged  [73]  and  solar  thermal 
circuit  efficiency  [74].  Heat 
exchangers  should  be  placed 
according  to  operating  temperature 
required  by  uses 

-  Dedicated  technologies  (e.g., 
diaphragms,  stratifiers)  preventing 
mixing  within  the  storage  should  be 
used  [76-78] 


Reversible  Electricity  Space  heating, 
heat  pump  from  grid,  DHW,  space 
(solar)  cooling 


5-20  kW  5.70  SCOP 

(35  °C  water 
supply 

temperature) 
5.48  ESEER 
(18  °C  water 
supply 

temperature) 
-  Depending 
on  the 


Widely  used  solution  for  space 

heating  and  cooling 

Recently  also  DHW  can  be  produced 

with  heat  recovery 

Integration  with  solar  thermal 

Potentially  closed  cycle  if  integrated 

with  PV 

Optimal  performance  at  lower  loads 
Hot/chilled  water  and  DHW 
production  can  be  combined  in  total 
heat  recovery  system 


Dependence  on  the  outdoor-indoor 
temperature  gradient 
Potential  mismatch  between  expected 
and  real  operating  conditions 
(evaporator/condenser  source  side 
temperature,  AT) 

Lack  of  data  from  manufacturers  on 
operating  conditions  different  from 
reference  points 

Additional  thermal  resistance  may 
be  needed  for  DHW  production  for 
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Table  2  (continued ) 


Energy  Energy  Energy  output  Heating/Cooling/  Design  Strengths  and  advantages  Weaknesses  and  drawbacks 

system  input  Electricity  Efficiency 

Capacity 


design  air-source  heat  pumps 

conditions  -  Part  load  performances  may  show 

significant  differences 


VRF/VRV  Electricity  Space  heating, 
from  grid,  DHW,  space 
(solar)  cooling 


From  12.5  kW  up  2.5-5  COP 
(heating)  depending  on 

from  1.2  kW  up  design 
(cooling)  conditions 


Energy  performance  and  cost 
effectiveness 

The  indoor  unit  refrigerant  flow  rate 
can  be  calibrated  on  the  cooling  loads 

[81] 

Integration  in  hydronic  systems 
through  refrigerant-water  heat 
exchangers  [86] 

Hot/chilled  water  can  be  produced  at 
the  same  time  through  external  units 
with  heat  recovery 
Heat  recovery  from  thermal  zones 
under  space  cooling  for  the 
integration  of  hot  water  production 
Integration  with  solar  thermal 


Limited  hot  water  thermal  level 
(45  °C)  (but  up  to  70  °C  hot  water  can 
be  produced  by  partialising  the 
thermal  lift) 

Difficulty  of  customising  energy 
simulation  software  tools  for  the  long 
term  energy  performance  assessment 
of  such  systems  [85] 

Superheats  in  indoor  units  and 
compressor  speed  should  be  carefully 
designed  [83] 


GEHP 


Gas,  Space  heating,  25-80  kW 

(solar)  DHW,  space 

cooling 


1.50  (Heating)  -  Natural  gas  substitutes  electricity  - 
1.40  avoided  conversions:  fuel-electricity 

(Cooling)  (power  plant)  and  electricity- 

mechanical  energy  (heat  pump) 

-  Free  DHW  production 

-  Heat  recovery  from  the  engine  cooling 
and  from  exhaust  used  for  refrigerant 
evaporation  (heating  mode)  and  DHW 
(cooling  mode) 

-  High  primary  energy  ratio  [90], [91] 

-  Hybridisation  with  other  technologies 
and  systems  has  the  potential  to 
further  increase  the  overall  energy 
performance  [92,93] 


-  A  niche  technology 

-  Not  suitable  for  small  sizes  (e.g.,  single 
family  houses) 

-  Parasitic  power  consumption 

-  Further  improvement  in  control 
systems  and  equipment  are  necessary 

[87] 

-  Total  heat  recovery-based  DHW 
production  still  not  reliable  due  to 
operation  at  part  loads  and  in 
summer  and  mid-seasons 


GAHP  Gas,  Space  heating, 

(solar)  DHW,  space 
cooling 


25-80  kW  1.50-1.70  GUE 


Exploitation  of  low  valued  energy 
High  energy  savings  and  low  GHGE 

[95] 

No  chlorofluorocarbon  refrigerants 

[94] 

Integration  of  gas-fired  condensing 

boiler  to  rise  hot  water  supply 

temperature  up  to  80  °C 

DHW  by  means  of  condensing  heat 

recovery 

High  condensing  heat  recovery  due  to 
low  cooling  energy  efficiency  ratio 
Hybridisation  with  other  technologies 
and  systems  (e.g.,  solar  thermal  and 
geothermal)  can  further  improve  the 
overall  energy  performance  [97] 


Not  suitable  for  small  sizes  (e.g., 
single-family  houses),  oversizing 
might  increase  energy  consumption 
and  reduce  GAHP  overall  effectiveness 
R  elatively  lower  efficiencies  for  air 
evaporating  heat  pumps  and  DHW 
production  at  high  thermal  levels 
Total  heat  recovery-based  DHW 
production  still  not  reliable  due  to 
operation  at  part  loads  and  in 
summer  and  mid-seasons 


Internal  Gas,  Plug  loads  &  12.5  kWth  0.20-0.30 

combustion  (solar)  lighting,  space  5.5  l<Wei  Electrical 

engine  CHP  heating,  DHW  0.60-0.70 

Thermal 


Well-established  technology 
Most  viable  CHP  for  residential 
applications  [109] 

A  variety  of  energy  sources  can  be 
used  [110] 

Latent  heat  recovery  from  exhaust 
The  hot  water  return  temperature  can 
be  decreased  to  35  °C  by  installing  a 
dedicated  heat  exchanger  for  exhaust 
gases  condensation 


Low  electrical  efficiencies 
characteristic  of  small  size  internal 
combustion  gas  engines 
Economic  feasibility  directly  linked 
with  feed-in  tariff  and  running  hours 


Stirling  Gas, 

engine  (solar) 

based  CHP 


Plug  loads  &  1  kWei 

lighting,  space  6  l<Wth  + 
heating,  DHW  6-20  l<Wth 
additional 


-  Parasitic  power  consumption  (exhaust 
from  the  engine) 

-  An  auxiliary  burner  might  be  needed 
to  cover  peak  loads 

maintenance  (  <  20  kW  Stirling 
engines)  [105] 

-  Quiet  running 


0.15  Electrical  -  Cutting-edge  CHP  technology  [116], 
0.80  Thermal  [117] 

0.98  -  5000-8000  running  hours  without 

Additional  significant  need  for  mechanical 
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Table  2  ( continued ) 


Energy  Energy  Energy  output  Heating/Cooling/  Design  Strengths  and  advantages  Weaknesses  and  drawbacks 

system  input  Electricity  Efficiency 

Capacity 


Dish  Stirling  Gas,  solar  Plug  loads  &  3  kWth 

lighting,  space  1  kWel 
heating,  DHW 


0.13  Electrical 
0.40  Thermal 


Microturbine  Gas,  Plug  loads  &  25-500  kW  0.30  Electrical 

based  CHP  (solar)  lighting,  space  0.40-0.50 

heating,  DHW  Thermal 


MV  unit 


Electricity  Ventilation  &  15-400  m3/h  air 

from  grid  air  handling,  flow  rates 

(space  cooling)  (decentralised) 
140-350  m3/h 
air  flow  rates 
(centralised) 


0.80-0.90  Heat 

recovery 

efficiency 

(decentralised) 

Up  to  0.90 

heat 

recovery 

efficiency 

(centralised) 


Compact 

HVAC 


Electricity  Space  heating, 
from  grid,  DHW,  space 
solar  cooling, 

ventilation  & 
air  handling 


Up  to  7.3  kWth  >  0.80  Heat 

hydronic  recovery 

circuit + 2.3  l<Wth  efficiency 
air  side 


-  Up  to  20%  modulation  ratios 

-  Safety  (external  combustion) 

-  High  temperature  thermal  waste  can 
be  used  as  energy  source 

-  One  of  the  most  well-known  solar 
concentration  based  technologies 

-  On-site  renewable  energy 
exploitation  maximises  CHP 
effectiveness  against  separate 
electricity  and  thermal  energy 
production  systems  [106] 

-  Large  scale  solar  thermal  power 
plants  are  potentially  suitable  to  cover 
small  communities'  energy  needs  (e. 
g.,  100  kWel/700  kWth)  [119,120] 

-  Energy  surplus  exported  to  the  grid 
valorised  by  dedicated  incentives 

-  AC  electricity  -  no  power  inverter 
required,  reduction  of  grid  connexion 
costs,  system  reliability  [121] 

-  Modular  design,  easily  (dis) 
assembled,  quiet  running,  effective 
solar  tracking  system 

-  Technological  innovation  is 
progressively  increasing  the 
effectiveness  of  small  size  turbines 

-  Biogas  from  manure  can  be  used  for 
combustion 

-  Heat  recovery  from  exhaust  [125] 

-  Limited  emissions  compared  to 
conventional  power  plants  [128,129] 

-  Light  weight 

-  45,000  h  Operating  lifespan  [130] 

-  Onsite  electricity  provision  close  to 
the  point  of  use  [124] 

-  Integration  with  microgrids  [126] 

-  Hybridisation  with  solid  oxide  fuel 
cells  systems  can  further  improve 
energy  conversion  efficiencies  [133] 

-  Decentralised  MV:  ‘on  demand’ 
ventilation  in  each  room  [139] 

-  Architectural  integration  - 
decentralised  units  can  be  contained 
within  the  window  frame 

-  Heat  recovery,  especially  with 
rotatory  heat  exchanger 

-  High  energy  savings,  especially  in 
retrofitted  buildings  [  141  ] 

-  Centralised  MV:  ductwork  can  be 
adjusted  to  the  building 
construction  type 

-  Water  coils  can  be  integrated  for  air 
heating  in  winter  and  air 
dehumidification  and  cooling 

in  summer 

-  Optimised  for  low  energy  housing 

-  Variety  of  versions  are  available  from 
an  increasing  number  of 
manufacturers 

-  Packaged  configuration:  air  exploited 
as  working  fluid  and  heat  pump’s 
thermal  energy  source 

-  Integration  with  solar  thermal 

-  >  80%  heat  recovery  from  bathrooms' 
and  kitchens'  extract  air 

-  Pre-set  connexions  for  hydronic 
circuits 


-  Abundant  solar  energy  radiation 
constantly  distributed  over  the  year  is 
essential 

-  Visual  impact 

-  Investment  costs 

-  Adverse  weather  conditions  might 
compromise  solar-dish  tracking  and 
engine  operations  (but  a  security 
position  is  automatically  set-up) 

-  Still  scarce  operation  data 


-  Still  a  niche  technology,  unusual  for 
residential  applications 

-  Literature  mostly  on  intermediate/ 
large  size  generators  (30-100  kW) 

[126] 


-  Installation  in  existing  buildings: 
noise  generation  and  negative 
pressure  within  the  zones  might  rise 
[141] 

-  A  supplementary  electrical  resistance 
(post-heating  in  winter)  and  a  heat 
exchanger  bypass  (to  avoid  air  heating 
in  summer)  necessary 


-  Monitoring  of  ventilation  rates  ought 
to  be  conducted  during  occupancy 

-  Electrical  resistance  for  back  up 
heating  as  second  heat  source  (2-4- 
6  kW) 

-  Limited  data  on  the  variable  energy 
efficiency  of  the  heat  pump  sub¬ 
system 

-  Difficulty  of  conducting  long  term 
energy  performance  assessment  in 
standard  dynamic  simulation 
software  tools  (need  of  customised 
models) 
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thermal  circuit.  Solar  assisted  heat  pumps  are  particularly  recom- 
mendable  for  detached  houses  -  in  multi-family  residential 
buildings,  the  need  of  centralised  or  individual  thermal  integra¬ 
tions  would  decrease  their  convenience.  In  addition,  PV  panels 
could  be  added  to  cover  the  compressor  electricity  demand, 
obtaining  a  stand-alone  renewable  energy  based  production 
system  -  this  principle  often  recurs  in  passivhouses.  GEHP  and 
GAHP  are  considered  a  competitive  alternative  to  electricity- 
driven  heat  pumps,  especially  in  countries  with  high  price  of 
electricity.  In  addition  to  a  high  primary  energy  ratio,  both 
solutions  are  distinguished  by  the  possibility  of  producing  DHW 
from  heat  recovery.  However,  total  heat  recovery-based  DHW 
production  is  still  believed  premature  and  operations  at  part  loads 
should  be  carefully  evaluated  by  means  of  dedicated  simulations. 
Still  niche  technologies,  GEHP  and  GAHP  are  limited  to  intermedi¬ 
ate  sizes  (25-80  kW),  and  oversizing  their  capacity  in  smaller 
applications  might  undermine  related  efficiencies:  their  potential 
is  better  exploited  at  the  multi-family  household  scale. 

A  further  cutting-edge  substitute  to  vapour  compression  heat 
pumps  is  constituted  by  thermal  driven  adsorption  heat  pumps 
based  on  zeolite  as  adsorbent,  able  to  combine  long-term  effective 
operations  with  economic  competitiveness  and  safety. 

Particularly  recommended  for  low  temperature  in-floor  radiant 
heating  with  solar  thermal  integration,  the  main  drawbacks  of 
zeolite-based  energy  system  are  relatively  lower  COPs  and  heat 
and  mass  transfer  problems. 

Finally,  VRF/VRV  based  systems  should  be  taken  into  account  in 
mixed-use  buildings  demanding  at  the  same  time  hot  and  chilled 
water,  with  the  possibility  of  exploiting  thermal  energy  recovered 
from  cooled  thermal  zones  to  integrate  hot  water  production.  The 
adoption  of  refrigerant-water  heat  exchangers  would  extend  the 
applicability  of  this  solution  to  low-temperature  hydronic  systems 
(unless  cascade  solutions  are  used,  hot  water  production  is  limited  to 
45  DC). 

Biomass-based  energy  systems  are  of  particular  interest  in 
forested  countries.  Besides  being  carbon  neutral,  pollutants  from 
incomplete  combustion  of  organic  products  have  been  signifi¬ 
cantly  reduced  by  new  combustion  techniques.  The  use  of  fire¬ 
wood  might  be  arguable  for  a  ZEB  -  firewood  is  increasingly 
substituted  by  pellets  with  lower  moisture  content,  easier  storage 
and  operations  and  well-defined  emission  factors.  Pellet  boilers 
should  be  adopted  in  combination  with  solar  thermal  to  obtain 
significant  savings  in  pellet  consumption  and  pollutant  emissions. 
Pellets  room  heaters,  optionally  equipped  with  water  heat  exchan¬ 
gers  for  space  heating  or  DHW  production,  would  be  best  suited 
for  low  energy  one-floor  houses  with  an  optimal  design  for  heat 
transfer.  Noise  levels  in  living  spaces  and  frequent  cleaning 
operations  are  some  of  the  practical  drawbacks  which  however 
need  to  be  taken  into  account. 

Nevertheless,  the  most  convenient  biomass  solution  for  a  ZEB  is 
based  on  slow  heat  release  stoves  exploiting  the  thermal  capacity 
of  PCM  (salt  hydrate)  to  maintain  temperatures  above  30  °C  for 
several  hours  after  charging,  preventing  overheating  problems. 
However,  few  theoretical  studies  have  been  found  in  academic 
literature  on  this  technology. 

With  regards  to  electricity  needs,  CHP  based  systems  are 
attractive  because  of  useful  heat  recovered  from  power  generation. 
In  general,  CHP  economic  feasibility  can  be  directly  linked  with 
national  policy  mechanisms  incentivising  electricity  export  to  the 
grid.  Internal  combustion  engine-based  CHP,  the  longest  estab¬ 
lished  solution,  is  characterised  by  the  typical  low  electricity 
generation  efficiency  of  small  size  internal  combustion  gas 
engines.  Likewise,  small  size  microturbines  present  global  cogen¬ 
eration  efficiencies  low  (70-80%).  Stirling  engine  based  CHP  is 
favoured  by  higher  efficiencies  characteristic  of  the  Stirling  ther¬ 
modynamic  cycle,  performing  over  an  extended  operating  life 


without  particular  maintenance  needs.  In  appropriate  geographi¬ 
cal  contexts  Stirling  engines  could  be  used  in  concentrated  solar 
power  systems  tracking  solar  energy  to  generate  electrical  energy 
in  alternating  current.  This  solution  is  recommended  for  off-grid 
small  communities  more  that  at  a  single  household  scale;  high 
investment  costs  should  be  borne  and  a  non-negligible  visual 
impact  should  be  taken  into  account. 

MV  units  represent  a  valid  solution  for  ventilation  and  air 
conditioning.  Depending  on  the  building  construction  type,  decen¬ 
tralised  MV  units,  installed  in  wall,  ceiling  or  windows,  are 
recommended  for  on-demand  ventilation  to  several  thermal  zones 
with  different  air  changes,  centralised  units  are  recommended 
whereas  a  unique  dual  duct  ventilation  system  best  suits  the 
system  design. 

Overall,  the  compact  HVAC  emerges  among  reviewed  produc¬ 
tion  systems  for  addressing  energy  needs  for  space  heating  & 
cooling,  DHW,  ventilation  &  air  handling  in  one  packaged  set-up 
with  a  ‘water’  and  ‘air’  side.  Air  can  be  used  as  thermal  energy 
source  for  heat  pump  as  well  as  working  fluid,  and  heat  is 
recovered  with  an  80%  efficiency.  The  overall  energy  behaviour 
of  this  configuration  should  be  monitored  to  prevent  divergences 
from  expected  performance.  Tailored  for  low  energy  housing, 
Compact  HVAC  combined  with  solar  thermal  has  a  potential  to 
currently  be  one  of  the  most  appropriate  integrated  energy 
systems  for  a  new  construction  ZEB. 

However,  it  is  not  possible  to  assert  a  priori  which  multi-energy 
system  among  those  reviewed  should  be  selected  for  a  specified  ZEB. 
This  will  depend  on  the  contingency  of  the  design,  the  economic  and 
environmental  boundary  conditions  and  cost  optimal  evaluations 
[152],  All  these  factors  have  to  be  taken  into  consideration  -  in  an 
integrated  way  -  from  the  first  design  phases. 


7.  Conclusions 

This  manuscript  drew  a  picture  of  the  most  recent  integrated 
HVAC  and  DHW  production  systems  available  for  a  ZEB.  Literature 
review,  peculiarities,  strengths  and  weaknesses  of  different  pro¬ 
duction  systems  have  been  pointed  out.  Multi-energy  systems 
allow  to  overcome  shortcomings  proper  of  stand-alone  (mono¬ 
carrier/  mono-converter)  energy  systems  being  fed  by  a  combina¬ 
tion  of  various  energy  sources.  The  optimisation  of  their  potential 
benefits  however  requires  a  whole  building  approach,  implemen¬ 
ted  since  the  design  concept  stage,  where  all  the  design  variables 
(technical,  energy,  financial,  environmental)  influencing  one 
another  are  holistically  harmonised  to  achieve  an  optimal,  inte¬ 
grated  result  [153],  To  do  this,  appropriate  manufacturer  data 
should  be  made  available  in  order  to  perform,  beginning  from  the 
design  stage,  detailed  calculations  of  the  energy  performance  of 
the  system,  like  the  ones  reported  in  [154].  Currently,  only 
synthetic  data  are  usually  available  from  manufacturers  (e.g., 
design  stage  efficiencies,  mean  seasonal  efficiencies  calculated 
with  reference  conditions,  etc.). 

This  seems  the  greatest  challenge  facing  up  multi-energy 
system  in  the  future,  whose  spread  on  the  market  will  depend 
on  the  capacity  to  minimise  the  mismatch  between  expected 
(design)  and  real  (monitored)  energy  performances. 
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